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PttEVACE 


Thruw Klrincntnry I#ewon* have now been largely re¬ 
written. The eonmdrmblo change?! made have been 
neeejsitated in *i * in !»y the prog re mm of the Heienro but 
by thi* piracy , «•**\**r! um writ an open, to which nince itn 
lip|H*nttUlc« III I HH 1 the book Itlia been hubjerted. 

In the thirteen year* which have elnpmnl much addb 
tion Inw been Made to our knowledge, and many pointa 
then In dniitroviTay have U*en nettled. The ayatem of 
electric unit#* ehthomted ft rat by the British Association 
mid »itb» % i|ite»tly in several Internalional (Wgrwiww, in 
now legalised in the t hief rivilued con tt trim New mag¬ 
netic wirv«?y»—-in England by Thorfwi and Hdcker, in 
the United State#* under Mtnitlenlwill--ltave enabled new 
magnetic charts to be prepared for the epoch 1000 a.p. 
The researches of Kw itig, Hopkiuaon, and others on the 
magnetic properties of iron, and the general recognition 
of the principle of the magnetic circuit, have advanced 
the science of magnetism, to which also Ewings molecular 

„ i * ' . i i * • * . * rm . ., * f 


Entirely new is the use of polyphase alternate eunvnt ; and 
rotatory magnetic fields for {he eiretrie f rammiedon of 
power. Transformers have come into exfeti>he employ 
ment for the distrihutiou at low procure of electric 
energy which has been transmitted from a generating 
station at high pressure. Accumulators for the storage 
of electric energy have become of great commercial im¬ 
portance. Electric lamps, large ami small, illuminate in 
millions our cities, towns, villages, ami ship*. KlcetnV 
currents for lighting and power are now supplied publicly 
on a very large scale, from central stations operated by 
steam or water power. Supply -meters are in regular 
use, and measuring instruments of many form * have come, 
into the market. 

Along with these advances in practice there !m« been a 
no less striking progress in theory. The ideas of Fanning t 
as enlarged and developed by Clerk Maxwell, were in IHK f 
only beginning to be understood and appreciated outride 
a narrow circle. In 1804, thanks largely to flu* luboutn 
of Heaviside, Hertz, Lodge., Poynting, Fit/gerahl, Bolt/ 
mann, Poincard, and others, they arc everywhere accepted, 
In 1881 Maxwell’s electromagnetic theory of light a 
conception not less far-reaching than the theory the 
conservation of energy—was deemed of doubtful prob 
ability: it was not yet accepted by mu-h great umbers 
as Lord Kelvin or Yon Helmholtz. Though adopted by 
the younger generation of British physicists, it needed the 
experimental researches of Hertz ami of Lodge upon tin* 
propagation of electric waves to demonstrate its truth to 
their brethren in Germany, France, ami America, Even 
now, after the most convincing experimental verifications 
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ELEMENTARY LESSONS 


ON 

ELECTRICITY & MAGNETISM 
Part jftrst 


CHAPTER I 

FRICTIONAL ELECTRICITY 

Lesson I .—Electric Attraction and Repulsion 

1. Electricity .—Electricity is the name given to an 
invisible agent known to ns only by the effects which it 
produces and by various manifestations called electrical. 
These manifestations, at first obscure and even mysterious, 
are now well understood, though little is yet known of 
the precise nature of electricity itself. It is neither 
matter nor energy ; yet it apparently can be associated 
or combined with matter; and energy can be spent in 
moving it. Indeed its great importance to mankind 
arises from the circumstance that by its means energy 
spent in generating electric forces in one part of a system 



matter or as energy. It can neither be created nor 
destroyed, but it can be transformed in its relations to 
matter and to energy, and it can be moved from one place 
to another. In many ways its behaviour resembles that 
of an incompressible liquid ; in other ways that of a 
highly attenuated and weightless gas. It appears to exist 
distributed nearly uniformly throughout all space. Many 
persons (including the author) are disposed to consider it 
as identical with the luminiferous ether. If it be not the 
same thing, there is an intimate relation between the two. 
That this must be so, is a necessary result of the great 
discovery of Maxwell—the greatest scientific discovery of 
the nineteenth century—that light itself is an electric 
phenomenon, and that the light-waves are merely electric, 
or, as he put it, electromagnetic waves. 

The name electricity is also given to that branch of 
science which deals with electric phenomena and theories. 
The phenomena, and the science which deals with them, 
fall under four heads. The manifestations of electricity 
when standing still are different from those of electricity 
moving or flowing along: hence we have to consider 
separately the properties of (i.) statical charges , and those 
of (ii.) currents. Further, electricity whirling round or in 
circulation possesses properties which were independently 
discovered under the name of (iii.) magnetism. Lastly, 
electricity when in a state of rapid vibration manifests 
new properties not possessed in any of the previous states, 
and causes the propagation of (iv.) waves. These four 
branches of the science of electricity are, however, closely 
connected. The object of the present work is to give the 
reader a general view of the main facts and their simple 
relations to one another. 

In these first lessons we begin with charges of 
electricity, their production by friction, by influence, and 
by various other means, and shall study them mainly by 
the m anifestations nf n+.tY’iir'tirvn vo-iYnloirm />"!•* 


currents, and the relations between them. The subject of 
electric waves is briefly discussed at the end of the book. 

2. Electric Attraction.—If you take a piece of 
sealing-wax, or of resin, or a glass rod, and rub it upon a 
piece of flannel or silk, it will be found to have accpired 
a property which it did not previously possess : namely, 
the power of attracting to itself such light bodies as chaff, 
or dust, or bits of paper (Fig. 1). This curious power 



Fig. 1. 


was originally discovered to be a property of amber, or, 
as the Greeks called it, rj XeKrpov, which is mentioned by 
Thales of Miletus (b.c. 600), and by Theophrastus in his 
treatise on Gems, as attracting light bodies when ruhbed. 
Although an enormous number of substances' possess this 
property, amber and jet were the only two in which its 
existence had been recognised by the ancients, or even 














Al>out tlie year 1600, Dr. Gilbert of Colchester discovered 

by experiment that not 



. Fig, i 


only amber and jet, but a 
very large number of sub¬ 
stances, such as diamond, 
sapphire, rock-crystal, glass, 
sulphur, sealing-wax, resin, 
etc., which he styled elec- 
trio ,$,* possess the same pro¬ 
perty. Ever since his time 
the name electricity f has 
been employed to denote the 
agency at work in produc¬ 
ing these phenomena. Gil¬ 
bert also remarked thatthese 
experiments are spoiled by 
the presence of moisture. 


3. Further Experiments.—-A better way of observ¬ 
ing the attracting force is to employ a small ball of elder 
pith, or of cork, lnmg 



by a fine thread from a 
support, as shown in 
Fig. 2. A dry warm 
glass tube, excited by 
rubbing it briskly with 
a silk handkerchief, 
will attract the pith- 
ball strongly, showing 
that it is highly electri¬ 
fied. The most suitable 
rubber, if a stick of 
sealing - wax is used, 
will be found to be 
flannel, woollen cloth, or, best of all, fur. Boyle discovered 




Fig. It. 
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ami lly buck to the table. To show this repulsion better, 
let a small piece of feather or clown be hung by a silk 

thread to a support, and 
let an electrified glass rod 
he held near it. It will 
dart towards the rod and 
stick to it, and a moment 
later will dart away from 
it, repelled by an invisible 
force (Fig. 4), nor will it 
again dart towards the 
rod. If the experiment 
be repeated with another 
feather, and a stick of 
sealing-wax rubbed on 
flannel, the same effects 
will occur. But, if now 
the hand be held towards 
the feather, it will rush 
toward the hand, oh tlio rubbed body (in Fig. 3) did. 
This proves that the featber, though it has not itself been 
rubbed, possesses the 
property originally 
imparted to the rod 
by rubbing it. In 
fact, it has become 
electrified, by having 
touched an electrified 
body which has given 
part of its electricity 
to it. It would ap¬ 
pear then that two 
bodies electrified with 
the same electrifica¬ 
tion repel one an¬ 
other. This may be confirmed by a further experiment. 





similar rubbed glass rod ; while a rubbed stick of sealing- 
wax is repelled by a second rubbed stick of sealing-wax 
Another way of showing the repulsion between twc 
similarly electrified bodies is to hang a couple of small 
pith-balls, by thin linen threads, to a glass support, as 
in Fig. 5, and then touch them both with a rubbed glass 
rod. They repel one another and fly apart, instead oi 
lianging down side by side, while the near presence oi 
the glass rod will make them open out still wider, foi 
now it repels them both. The self-repulsion of the parts 
of an electrified body is beautifully illustrated by the 
experiment of electrifying a soap-bubble, which expands 
when electrified. 

5. Two Kinds of Electrification. — Electrified 
“bodies do not, however, always repel one another. The 
feather which (see Fig. 4) has been touched by a rubbed 
glass rod, and which in consequence is repelled from the 
rubbed glass, will be attracted if a stick of rubbed sealing- 
wax be presented to it; and conversely, if the feather has 
been first electrified by touching it with the rubbed 
sealing-wax, it will be attracted to a rubbed glass rod, 
though repelled by the rubbed wax. So, again, a rubbed 
glass rod suspended as in Fig. 3 will be attracted by a 
rubbed piece of sealing-wax, or resin, or amber, though 
repelled by a rubbed piece of glass. The two pith-balls 
touched (as in Fig. 5) with a rubbed glass rod fly from 
one another by repulsion, and, as we have seen, fly wider 
asunder when the excited glass rod is held near them ; 
yet they fall nearer together when a rubbed piece of 
sealing-wax is held under them, being attracted by it. 
Symmer first observed such phenomena as these, and 
they were independently discovered by Du Fay, who 
suggested in explanation of them that there were two 
different kinds of electricity which attracted one another, 
•while each repelled itself. The electricity produced on 
erlass bv ru bins i i h s lk he called vitreous eW.trnV.itv 


other kind ; and the electricity excited iu such substances 
as sealing-wax, resin, shellac* indiaruhher, and amber, 
by rubbing them on wool or ilannel, he termed reninom 
electricity. The kind of electricity produced is, however, 
found to depend not only on the thing rubbed but on the 
rubber also ; for glass yields u resinous ” electricity when 
rubbed with a cat’s skin, and resin yields “ vitreous M 
electricity if rubbed with a soft amalgam of tin and 
mercury spread on leather. Hence, these mimes have 
been abandoned in favour of the more appropriate terms 
introduced hy Franklin, who called the electricity excited 
upon glass hy rubbing it with silk, jnmitire electricity, and 
that produced on resinous hot lies by friction with wool or 
fur, mujative electricity. The observations of Hy miner 
and Du Fay may therefore he stated as follows: Two 
positively electrified bodies apparently repel one another : 
two negatively electrified bodies apparently repel one 
another: but a positively electrified body ami a negatively 
electrified body apparently attract one another. It is 
now known that these effects which appear like a repul¬ 
sion and an attraction between hot lies at a distance from 
one another, are really tine to net ions going on in tint 
medium between them. The jKmitive charge does not 
really attract the negative charge that is near it ; but 
both are urged toward one another by »irt»nea in the 
medium in the intervening space. 

6. Simultaneous Production of both Blectrio&l 
States.— Neither kind of electrification k pm 1 need 
alone; there is always an equal quantify of both kinds 
produced ; one kind apj taring on the thing nibbed ami 
an equal amount of the other kind on the rubber. Tim 
clearest proof that these amounts ate equal can be given 
in some cases. For it is found that if both the - electricity 
of the rubber and the + electricity of the thing rubbed bo 
imparted to a third body, that thin! body will show nu 

p.7Antov fipntv An fii. nil fTt#» turn «»»»! nnit. uiCt mfU.M 


experiment eoumtn in ruhhing together a di4 of healing* 
wax and one covered with iinutud, both being held hy 
insulntiug Imn*lit Tm t«*^f them m required an iuMtlnted 
put ami an eleetioMeogo, m in Fig, s!t», If either dink In* 
married in tin* |«i|, the lenvea *»l tin* electroscope will 
diverge; hut if With nr** inserted at tin* wuue Una* tin* 
leaven do not diverge, show ing tlmt list* two ehurgc.H on tin* 
dinks uiv equal and of opposite sign, 

In tin* following fiat tin* bodies art* arranged in inn h 
an order that if any two In* rubbed together tin* on«* 
whicit »*fnnd* eat tier in tin* series becomes positively 
electrified, and tin* oin* tlmt at am la later negutheh 
electrified '■ /*n/\ n’*W, irorg, mU\ 

imlhtru^ht r, *jnltaprrvhn % co//oi/f**a, or trlhtltnil, 

7* Thtmrhm of Xliootriolty.*- Severn! thcunr* have 
Wan advanced to account for these phenomena* hut all 
an* more or \vm iitwit tidWtury, Sv miner projniml a 
“ two-fluld M thoory* according to which Him* nrn two 
imponderable electric flniilii of opjavnio kinds, which 
mmtra!i/c ut»* nnothrr when they combine, iuni which 
exist combined in equal t|iiiiiitit h*j4 in all bodies until 
their condition W dial tirUnl hy friction, A nif*difb 7 ition 
of thin theory wna ifiinln hy Franklin* who proposed 
instead ii u mm^tlnki H theory, nmirdiug to which 
there in a tangle electric flniil d in! tt bitted usually uniformly 
in nil hoiliiw, hut which, when tin> me subjected to 
friction, distribute* it*rlf unequally between the ftdiber 
amt the thing rubbed* one having more of the fluid, the 
other lei«* than the average, Hence the trmm 
and imjnfiV, which art* wtill rotaimal ; that body which b 
supposed Iff have mi vU'rnn being m'nl to he charged with 
positive elertrh'ity {itiitiilly denoted hv tin- ft! an sign 4 ), 
while tlmt which in sup jawed |«t have letis in »itid to lie 
charged with negative electricity (find b denoted hy 
the mtmm #ign ■■■■•), Tlt«*e term* im% however* purely 


which means less, In many ways electricity behave,* hi 
a weightless substance as incompressible au\ material 
liquid. It is, however, quite certain that <7o7>nuVy U m\t 
a material fluid, whatever else it may be. Fur while it 
resembles a Haiti in its property of apparently flowing 
from one point to another, it differs from e\ery hmuwi 
lluid in almost every other reapert. It po' es .e* in* 
weight ; it repels itself. It is, moreover, quite impotable 
to conceive of two fluids whose properties should in every 
respect he the precise opposites of inn* another, Ida* 
these reasons it is clearly misleading to ?peak of an 
electric thud or fluids, however eonvenient the term may 
seem to he. In metals and other good cnudmtm * 
electricity can apparently move and flow quite earily in 
currents. In transparent solids Mich ns glass and re.-uu, 
and in many transparent liquids such as oih, mni in glides 
such as the air (if still, and not rnrcfnd■, electricity 
apparently cannot flow. Kven a vacuum appear* In he 
a non - conductor. In the case of all mm * conductors 
electricity can only he moved by an action known us 
displacement (see Art. 57). 

It appears then that in metals electricity ran easily 
pass from molecule to molecule; hut in the ca*r of non* 
conductors the electricity is in nane way stuck to the 
molecules, or associated with theta. Home electricians, 
notably Faraday, have propounded a moleoul&r theory 
of electricity, according to which the electrical state* mv 
the result of certain peculiar conditions *4’ the molecule* 
of the surfaces that have been rubbed. Another \tcw in 
to regard the state of electrification as ivliited to the rikrr 
(the highly-attenuated medium which fills all * pace, and 
is the vehicle by which light is transmit fed?, winch m 
known to be associated with the molecules t »f junffrr 
Some indeed hold that the ether itself is elect rieit v j urn I 
that the two states of positive and negative elect rilloitmu 



far as possible all theories, and shall be content to use 
the term electricity. 

8. Charge.—The quantity of electrification of either 
kind produced by friction or other means upon the surface 
of a body is spoken of as a charge, and a body when 
electrified is said to be charged. It is clear that there 
may be charges of different values as well as of either 
kind. When the charge of electricity is removed frorii 
a charged body it is said to be discharged . Good con¬ 
ductors of electricity are instantaneously discharged if 
touched by the hand or by any conductor in contact with 
the ground, the charge thus finding a means of escaping 
to earth or to surrounding walls. A body that is not a 
good conductor may be readily discharged by passing it 
rapidly through the flame of a spirit-lamp or a candle ; 
for the hot gases instantly carry off the charge and dis¬ 
sipate it in the air. 

Electricity may either reside upon the surface of bodies 
as a charge , or flow through their substance as a current . 
That branch of the science which treats of the laws of the 
charges, that is to say, of electricity at rest, upon the 
surface of bodies is termed electrostatics, and is dealt 
with in Chapter IV. The branch of the subject which 
treats of the flow of electricity in currents is dealt w T ith 
in Chapter III., and other later portions of this book. 

9. Modes of representing Electrification.— 
Several modes are used to represent the electrification of 
surfaces, In Eigs. 6, 7, and 
8 are represented two disks, A 
—A covered with woollen + 
cloth, B of some resinous 1 
body, — which have been W 1 " 
rubbed together so that A | 
has become positively, B p . 
negatively electrified. In 
Fig. 6 the surfaces are marked with plus ( + ) and minus 






the positively electrified surface and just within the 
negatively electrified surface, as though one had a surplus 
and the other a deficit of electricity. In Fig. 8 lines are 
drawn across the intervening space from the positively 
electrified surface to the opposite negative charge. The 
advantages of this last mode are explained in Art. 13. 

10. Conductors and Insulators. — The term 
c< conductors/ 5 used above, is applied to those bodies which 
readily allow electricity to flow through them. Roughly 
speaking, bodies may be divided into two classes—those 
which conduct and those which do not; though very 
many substances are partial conductors, and cannot well 
be classed in either category. All the metals conduct 
well; the human body conducts, and so does water. On 
the other hand glass, sealing-wax, silk, shellac, gutta¬ 
percha, indiarubber, resin, fatty substances generally, 
and the air, are non-conductors. On this account 
these substances are used to make supports and handles 
for electrical apparatus where it is important that the 
electricity should not leak away ; hence they are some¬ 
times called insulators or isolators. Faraday termed 
them dielectrics. We have remarked above that the 
name of non-electrics was given to those substances which, 
like the metals, yield no sign of electrification when held 
in the hand and rubbed. We now know the reason why 
they show no electrification ; for, being good conductors, 
the electrification flows away as fast as it is generated. 
The observation of Gilbert that electrical experiments 
fail in damp weather is also explained by the knowledge 
that water is a conductor, the film of moisture on the 
surface of damp bodies causing the electricity produced 
by friction to leak away as fast as it is generated. 

11. Other Electrical Effects. —The production of 
electricity by friction is attested by other effects than 
those of attraction and repulsion, which hitherto we have 


of light could be obtained from highly electrified bodies 
at the moment when they were discharged. Such sparks 
are usually accompanied by a snapping sound, suggesting 
on a small scale the thunder accompanying the lightning 
spark, as was remarked by Newton and other early 
observers. Pale Hashes of light are also produced by the 
discharge of electricity through tubes partially exhausted 
of air by the air-pump. Other effects will be noticed in 
due course. 

12. Other Sources of Electrification. — The 

student must be reminded that friction is by no means 
the only source of electrification. The other sources, per¬ 
cussion, compression, heat, chemical action, physiological 
action, contact of metals, etc., will be treated of in Lesson 
VII. We will simply remark here that friction between 
two different substances always produces electrical separa¬ 
tion, no matter what the substances may be. Symmer 
observed the production of electrification when a silk 
stocking was drawn over a woollen one, though woollen 
rubbed upon woollen, or silk rubbed upon silk, produces 
no electrical effect. If, however, a piece of rough glass 
be rubbed oil a piece of smooth glass, electrification is 
observed ; and indeed the conditions of the surface play a 
very important part in the production of electrification by 
friction. In general, of two bodies thus rubbed together, 
that one becomes negatively electrical whose particles are 
the more easily removed by friction. Differences of 
temperature also affect the electrical conditions of bodies, 
a warm body being usually negative when rubbed on a 
cold piece of the same substance. The quantity of 
electrification produced is, however, not proportional to 
the amount of the actual mechanical friction ; hence it 
appears doubtful whether friction is truly the cause of 
the electrification. Something certainly happens when 
the surfaces of two different substances are brought into 
intimate contact, which has the result that when they 


them is a non-conductor * I <* haw acquired oppo ,}f t » 
chart's of electrification : one sui face hu\ iug apparent) v 
taken some rifit y I r* *i u the * t ! i * * r. Fait the v opp< eh c 
(‘harm's attract one another and a umoi hr drawn apart 
without than* being m«-,haui*al \\orh done upon t!n k 
system. The wm-k thus spent i * toivd up in the act 
of separating the charged .airfare< ; and as lung as 
the charges remain separated thc\ conMitute a store 
of potential energy. 'The so»ralh d frictional electric 
machines are there tore machine 4 fur bringing dissimilar 
Hiihstances into intimate contact, and then draw ing apart 
the particles that haw touched one another and become 
electrical. 

If tin 1 two bodies that are rubbed together are both 


good conductors, they will not become stnnigh elc< {rifted, 
even if held on insulating bundles. If is quite likely, 
however, that the heat produced by friction, as in the 
hearings of machinery, is din* to electric current » generated 
where, the surfaces meet and slip. 

13. Electric Field. Whenever two oppositely 
charged surfaces are placed near one another they tend 
to move together, and the space between them h found 
to be thrown into a peculiar state rtf stress, 
ns though tin* medium in between hud 


been stretched. To e\ph*re tin* space 


between two bodies one of which has been 


^ j,. ^ ( positively and theofhet negatively elect ri 

IK ‘ ’ tied, we may use a light poiufei* , Fig. U » 

made of a small piece of very thin paper pietwd with 
a hole through which passes a long thread of gla <„ 
It will be, found that this pointer tend to point 
across from the positively electrified surface to the 
negatively elect rilled surface, along invisible h'n*x 0 / 
dcctric fnrtr. The space Mr tilled with electric liu.o of 
force is called an rkdrie jh!J, In Fig, H A ami B 
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the field between them the electric lines pass across almost 
straight, except near the edges, where they are curved. 
Electric lines of force start from a positively charged 
surface at one end, and end on a 
negatively charged surface at the 
other end. They never meet or 
cross one another. Their direc¬ 
tion indicates that of the resultant 
electric force at every point 
through which they pass. The 
stress in the medium thus mapped 
out by the lines of force acts as a 
tension along them, as though 
they tended to shorten themselves. 

In fact in Eig. 8 the tension in the medium draws the 
two surfaces together. There is also a pressure in the 
medium at right angles to the lines, tending to widen the 
distance between them. Eig. 10 represents a ball which 
has been positively electrified, and placed at a distance 
from other objects ; the lines in the field being simply 
radial. 



Lesson II .—Electroscopes 

14. Simple Electroscopes.—An instrument for 
detecting whether a body is electrified or not, and 
whether the electrification is positive or negative, is 
termed an Electroscope. The feather which was 
attracted or repelled, and the two pith-balls which flew 
apart, as we found in Lesson I., are in reality simple 
electroscopes. There are, however, a number of pieces 
of apparatus better adapted for this particular purpose, 
some of which we will describe. 

15. Needle Electroscope.—The earliest electro¬ 
scope was that devised by Dr. Gilbert, and shown in Fig. 
11, which consists of a stiff strip balanced lightly upon a 


o y m a goose quill, balanced upon a sewing needle 
serve equally well. When an electrified body is held 



the electroscope it is attracted and turned round, au< 
thus indicate the presence of electric charges far too i 
to attract bits of paper from a table. 

16. Gold-Leaf Electroscope.- A still more i 















obo another and stand apart, gravity living partly over¬ 
come by the force of the electric repulsion. A couple, of 
narrow strips of the thinneHt tiwue paper, hung upon a 
support, will helmve similarly when electrified. But the 
bent results are. obtained with two strips of gold-leaf, 
which, being excessively thin, in much lighter than the 
thinneHt paper. The Hold * Leaf Electroscope in con« 
venicntly made by suspending the two leaven within a 
wide-mouthed glass jar, which both serves to protect 
them from draughts of nir and to support them from 
contact with the ground. The mouth of the jar should 
be. cloned by a plug of paraffin wax, through which m 
pushed. a hit of varnished glass tube. Through thin 
passes a stiff brass wire, the lower end of which in bent- 
at a right angle to receive the two strips of golibleaf, 
while the upper supports a lint plate of metal, or may he 
furnished with a brass knob. When kept dry and free 
from clunt if will indicate excessively small quantities of 
electrification. A rubbed gbuw rod, even while two or 
three feet from the instrument, will muse the leaven to 
repel one, another. The chips produced hv sharpening a 
pencil, falling on the elertjwrope top, are seen to he 
electrified. If the knob l»o even brushed with a am all 
enmefsdmir brush, the alight friction produce# a percept¬ 
ible effect. With this instrument nil kinds of frietion 
can ho shown to produce eleetritimtion. lad a jhthou, 
standing upon an insulating aupj«»rt, such m a stool 
with glass legs, or a hoard supported on four glass 
tumblers,—he briskly struck with a silk handkerchief, or 
with a fox's tail, or even brushed with a clothes' brush, 
he will he electrified, m will he indicated hv the eleetro- 
Hc.ope if he place one hand on tins knoh at the top of it. 
The (Mddamf Electroscope can further he used to indicate 
the kind of electrification tin an esmitwl body. Tints, 
Hiippoii w«i rubbed fi piecii «»f brown |mper with a piece of 



proceed as follows 
electroscope by touch 
on. silk. The leave 
electrification. Whe 
of a body which is ] 
to diverge still more 
one negatively electr: 
If now the brown pa 
the leaves will be 
electrification of the 
that with which the 






recourse must be bad to tbe instruments known as 
Electrometers, described in Lesson XXII. 

In another form of electroscope (Bobnenberger’s) a 
single gold leaf is used, and is suspended between two 
metallic plates, one of which can be positively, the other 
negatively electrified, by placing them in communication 
with the poles of a “ dry pile ” (Art. 193). If the gold 
leaf be charged positively or negatively it will be attracted 
to one side and repelled from the other, according to the 
law of attraction and repulsion mentioned in Art. 4. 

17. Henley’s Semaphore.—As an indicator for 
large charges of electricity there is sometimes used a 
semaphore like that shown in Fig. 

14. It consists of a pith-ball at the 
end of a light arm fixed on a pivot 
to an upright. "When the whole is 
electrified the pith-ball is repelled 
from the upright and flies out at an 
angle, indicated on a graduated 
scale or dial behind it. This little 
electroscope, which is seldom 
used except to show whether an 
electric machine or a Leyden battery 
is charged, must on no account be 
confused with the delicate “Quadrant 
Electrometer” described in Lesson 
XXII., whose object is to measure very small charges of 
electricity—not to indicate large ones. 

18. The Torsion Balance.—Although more pro¬ 
perly an Electrometer than a mere Electroscope , it will be 
most convenient to describe here the instrument known 
as the Torsion Balance (Fig. 15). This instrument, once 
famous, but now quite obsolete, served to measure the 
force of the repulsion between two similarly electrified 
bodies, by balancing the repelling force against the force 
exerted by a fine wire in untwisting itself after it has 



Fig. 14. 



or lever of shellac suspended within a cylindrical glass 
case by means of a fine silver wire. At one end this 
lever is furnished with a gilt pith-ball n. The upper 
end of the silver wire is fastened to a brass top, upon 

which a circle, divided 
into degrees, is cut. This 
top can be turned round 
in the tube which supports 
it, and is called the torsion- 
head. Through an aper¬ 
ture in the cover there can 
be introduced a second 
gilt pith-ball m, fixed to 
the end of a vertical glass 
rod a. Bound the glass 
case, at the level of the 
pith - balls, a circle is 
drawn, and divided also 
into degrees. 

In using the torsion 
balance to measure the amount of a charge of electricity, 
the following method is adopted :—First, the torsion-head 
is turned round until the two pith-halls m and n just 
touch one another. Then the glass rod a is taken out, 
and the charge of electricity to be measured is imparted 
to the ball m, which is then replaced in the balance. As 
soon as m and n touch one another, part of tlio charge 
passes from m to n, and they repel one another because 
they are then similarly electrified. The ball n, therefore, 
is driven round and twists the wire up to a certain extent 
The force of repulsion becomes' less and less as n gets 
farther and farther from m; hut the force of the twist 
gets greater and greater the more the wire is twisted. 
Hence these two forces will balance one another when 
the balls are separated by a certain distance, and it is 
clear that a large charge of electricity will repel the ball 



Fig. 15. 


distant throng ** 1 in read oil* in 

angular degrees o{ ' ‘ ,ri ^‘‘* When u wire in twisted, 

ilic force with whit'll it tends to tmtwist in precisely pm 
]>ort i< mal in tin 1 amount of tin* twist, The turn* required 
to twist IIu* wire ten degrees hi jtH ten finicsi an grant 
as tin* force required to twist it om* degree. In other 
wards, the force a/ i^rsum w prnjnot immt tn the uiltfio of 
torsion. Tha angular distance between Ilia two bulla is, 
wliaii tliay nra not van widely separated, vary nearly 
proportional to tha actual straight d bianco batwaan them, 
anti raprasalils tha tbraa exerted bat waan alaatriliad balls 
at that distance apart. Ilia efudent numb however, rare- 
fully distinguish bat waan tin* measurement of tha force 
and*the JUaUHUramani of tha actual quantity of alaatriait.V 
with wdiiali tha instrument is charged. For tha force 
axartad hat wan tha electrified hulls will vary at different 
distances according to a particular law known ns the 
“law* of inVtTM* squares,” which requires to ba carefully 
explained, 

10. The Law of Invumo Squares.- ^Cntilomb 

proved, by means of tha Turnon itithtticc, that tha hi ran 
exerted hat warn two pittiill elect rifted bialien varies 
invemdy as Ilia «|iinr«* of tha distance between them 
when tha distance in varied. Thus, suppose two wind! 
eleetnlled bodies 1 ititdi lipiyf repal <»na another with 
a certain force, nt a distance of ^ inches the force will 
he, found to ha only one quarter an great a* lha force 
at l inch; and at lit inches it will hv only ^ ^ 
part as great as at I inch, This law is proved by the 
following experiment with tha torsion huhwee. The 
two scales ware adjusted to if, and a certain charge was 
then imparted to the bulls. The ball » wiw repelled 
round to a distance of tUl , The twist on tha wire 
between its uj»j*er ami lower end* was aba* lit! ', or Ilia 
force tending to remd was thiilv m\ times m grant ns tha 



top and force, the* bull n nearer to m y am! was turned 
round until the distance between n and m was halved. 
To bring down this distance from 'Ml tu 18', it was 
found needful to twist- the torsion -head through 1 Ml , 
The total twist between the upper and lower ends of the 
wore was now* 12(>' -f l 8", or i 14 ; and tin* have was 
144 times as great as that, force which would twist tin* 
wire 1°. But 144 is four times as great ns :h; ; hence 
we set* that while the distance had hern reduced to one 
half, tin* force between the halls had become four 
times as great. Had we reduced Use distance to o/n 
I pairin', or i) \ the total torsion would ha\e been found 
to he f>7(>", or sixteen times as great ; proving the 
force to vary inversely as the square of the 
distance. 

In practice it requires great experience and skill to 
obtain results as exact as this, for there are many sources 
of inaccuracy in the instrument. The halls must he very 
small, in proportion to the distances between them. The 
charges of electricity on the halls are found, moreover, to 
become gradually less and less, m if the electricity leaked 
away into the air. This loss is less if the apparatus he 
quite dry. It is therefore, usual to dry the interior by 
placing inside the case a cup containing either chloride 
of calcium, or pumice stone soaked with strong sulphuric 
acid, to absorb the moisture. 

Before leaving the subject of electric forces, it may he 
well to mention that the force* of attraetiim between two 
oppositely electrified bodies varies also inversely as tin' 
square of the distance between them. And in every nw, 
whether of attraction or repulsion, the force at any given 
distance is proportional to the product of the two 
quantities of electricity on the In k lies. Thus, if we 
had separately given a charge of 2 to the ball m and a 
charge of % to the hall n, the force between them will be 


law of inverse squares is only true when applied to tlie 
case of bodies so small, as compared with the distance 
between them, that they are mere points. For flat, large, 
or elongated bodies the law of inverse squares does not 
hold good. The attraction between two large flat disks 
oppositely electrified with given charges, and placed near 
together, does not vary with the distance. 

20. Field between two Balls.—The electric field 
(Art. 13) between two oppositely electrified balls is found 
to consist of curved lines. 

By the principle laid down 
in Art. 13, there is a tension 
along these lines so that 
they tend not only to draw 
the two halls together, hut 
also to draw the electrifica¬ 
tions on the surfaces of the 
balls toward one another. 

There is also a lateral pressure in the medium tending to 
keep the electric lines apart from one another. One 
result of these actions is that the charges are no longer 
equally distributed over the surfaces, but are more dense 
on the parts that approach most nearly. 

21. Unit Quantity of Electricity.—In conse¬ 
quence of these laws of attraction and repulsion, it is 
found most convenient to adopt the following definition 
fox’* that quantity of electricity which we take for a unit 
or standard by which to measure other quantities of 
electricity. One ( electrostatic) Unit of Electricity is that 
quantity which , when placed at a distance of one centimetre 
in air from a similar and equal quantity , repels it with a 
force of one dyne. If instead of air another medium 
occupies the space, the force will be different. For 
example, if petroleum is used the force exerted between 
given charges will be about half as great (see Art. 56). 




Lush on III.— FsU'drifu'itthni h>t } nthh ihr 

22. Influences ~We have now learned how i w< 
charged "bodies may apparently attract or repel one 
another. It is sometimes said that it is the rbarges in 
the bodies whieh attmet or repel one another; but as 
elee.trilieation is not known to e\bt except in or on 
material bodies, the proof that it is the eh a ryes themselves 
whieh are acted upon is only indireet. Neverthele .s there 
are certain matters wldeh support this view, one of these 
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being the electric iniluenee exerted hy an elect rifted body 
upon one not electrified. 

Suppose we electrify positively a hall shown In Fig. 
17, and hold it near to a body that 1ms not been electrified, 
what will 000111 '*? We take for this experiment the 
apparatus shown on the right, consisting of a long wiusage ^ 
shaped piece ol metal, either hollow or solid, held upon a 
glass support. This M e*mtlue(<»r, M so railed because it is 
made of metal which permits electricity to pass freely 
through it or over Us surface, is supported on to 
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prevent the escape of electricity to the earth, glass being 
a non-conductor. The influence of the positive charge 
of the ball placed near this conductor is found to induce 
electrification on the conductor, which, although it has 
not been rubbed itself, will be found to behave at its two 
ends as an electrified body. The ends of the conductor 
will attract little bits of paper ; and if pith-balls be hung 
to the ends they are found to be repelled. It will, how¬ 
ever, be found that the middle region of the long-shaped 
conductor will give no sign of any electrification. Further 
examination will show that the two electrifications on the 
ends of the conductor are of opposite hinds, that nearest 
the excited glass ball being a negative charge, and that at 
the farthest end being an equal charge, but of positive 
sign. It appears then that a positive charge attracts 
negative and repels positive, and that this influence can 
be exerted at a distance from a body. If we had begun 
with a charge of negative electrification upon a stick of 
sealing-wax, the presence of the negative charge near the 
conductor would have induced a positive charge on the 
near end, and negative on the far end. This action, 
discovered in 1753 by John Canton, is spoken of as 
influence or electrostatic induction* It will take 
place across a considerable distance. Even if a large 
sheet of glass be placed between, the same effect will be 
produced. When the electrified body is removed both 
the charges disappear and leave no trace behind, and 
the glass ball is found to be just as much electrified as 
before ; it has parted with none of its own charge. It 

* The word induction originally used was intended to denote an action 
at a distance, as distinguished from conduction , which implied the convey¬ 
ance of the action hy a material conductor. But there were discovered 

nt.lipv nr»t,inn<a nt n rlitifnnpA rinmplv -hTiA inrlnft.irvn nf r»iTrmnt« Viv mnvincf 



will Ik* remembered that on one thenry a hi*<h 
positively is regarded as having elect ricil 

the things round it, while one w it h a negative v 
regarded as having According t»» this view i 

appear that, when a body much as tin* I- elect ri!i< 
hall) having morn electricity than Jkings arottu 
placed near an insulated conductor, tin* uniform d 
lion of electricity in tliat conductor is di.-turh 
electricity flowing away from that end wliieh is 1 
•f body, leaving less than usual at that end, and pr< 

umre than usual at tl 
end. This view of this 
neeounf for t In* dssipf* 
of all signs ot elect ri 
when the eleefrifled 
removed, for then tl 
ductor returns to its 
condition ; and ln*ing 
more m*r less elect rife 
all tin* objects arm 
the surface of the ear 
show neither positive nor negative charge. The 
is not, however, a mere action at a distunee ; 
one in which the, intervening medium takes an e 
part. Consider (Fig. IB) what takes place wl 
insulated, non-electritiud metal ball B is brought 
the inlluence of a positively electrified body . 
once some, of the electric lines of the field that sui 
A pass through B, entering it at tin* side nearer 
leaving it at the. farther side. As the ball II 
charge of its own, as many electric lines will enter 
side as leave, on tin* other ; or, in other words, the i 
negative charge on one side ami the induced j 
charge on the other will be exactly equal in a 
They will not, however, he quite equally didribuf 
nAffflti vp chnrop nn tli * unlit A nu »n 



23. Effects of Influence. — If tlie conductor be 
made in two parts, which, while under the influence of 
the electrified body, are separated, then on the removal 
of the electrified body the two charges can no longer 
return to neutralize one another, but remain each on 
its own portion of the conductor. 

If the conductor be not insulated on glass supports, 
but placed in contact with the ground, that end only 
which is nearest the electrified body will be found to 
be electrified. The repelled charge is indeed repelled 
as far as possible into the walls of the room ; or, if the 
experiment be performed in the open air, into the earth. 
One kind of electrification only is under these circum¬ 
stances to be found, namely, the opposite kind to that 
of the excited body, whichever this may be. The same 
effect occurs in this case as if an electrified body had the 
power of attracting up the opposite kind of charge out of 
the earth. 

The quantity of the two charges thus separated by 
influence on such a conductor in the presence of a charge 
of electricity, depends upon the amount of the charge, 
and upon the distance of the charged body from the 
conductor. A highly electrified glass rod will exert a 
greater influence than a less highly electrified one ; and 
it produces a greater effect as it is brought nearer and 
nearer. The utmost it can do will be to induce on the 
near end a negative charge equal in amount to its own 
positive charge, and a similar amount of jmsitivc electri¬ 
fication at the far end ; but usually, before the electrified 
body can be brought so near as to do this, something else 
occurs which entirely alters the condition of things. Ah 
the electrified body is brought nearer and nearer, the 
charges of opposite sign on the two opposed surfaces 
attract one another more and more strongly and accumu¬ 
late more and more densely, until, as the electrified body 

imwiiAA /tit na Wrtvwr YWirtY* a ¥»l/ Jtl ui'iA t ■ tin ..... it. .. 




another, leaving the induced charge <4 j«. th\e rhvfnnty, 
which was formerly repelled to !lie n th«-! <ml <>j tIn* 
conductor, as a permanent ch.tr '«• alter the < b- ( triiied 
hoily has been removed. 

in Fig. 1 h is illuMruh-d tin* t ith *u *<f • r.tdtulh 
lowering down over a table a pndti\el\ e!u 1 5 dcd un lal 
ball. The nearer it approaches tin* table, the more do.*, 
the electric held Kiin'oundmg it r.in.vntr.it.- st elf in tin* 
gap bet Wirli t he ball Ulld file 
(able top ; flie latter beeojiiing 
negatively eb-efrilied b\ its tin 
Hire, Where the eleefrie line . 
are deu-r 4 the ten ton m the 
medium m create 4 , until when 
tin* ball h lowered at ill further 
the meehauieal IV-t tanee of the 
air ran n»» longer vulh- land I lit* 
stress ; it break * d*«wn and the 
layer of air i< pu rred by a .paik. 
K oil in used as a surrounding medium in 4« ad *4’ air, it 
will be. found to stand a much greater Minn without 
being pierced. 

24. Attraction due to Influence. We are now 
able to apply the principle of iulluenee in explain why an 
electrified body should at tract tilings that lane mt hern 
electrified at all. Fig. 18, 011 p. «*», may be taken t*» 
represent a light metal ball B hung from a y!k t hi * ud 
presented to the end of a rubbed gin o tod A. Tim 
positive charge on A produces Inj injhm »c, a negative 
charge on the nearer side of B and nti npud positive 
charge on the far side of B, The nearer half of lf?r lull 
will therefore he attracted, and the farther half ivprlb-4 ; 
but the attraction will he stronger than the repuBitm, 
because the attracted charge is mater than the repelled, 
Hence on the whole the ball will !«* attracted. ft mu 
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so much as a ball of conducting material. This in itself 
proves that influence really precedes attraction. 

Another way of stating the facts is as follows:—The 
tension along the electric field on the right of B will be 
greater than that on the left, because of the greater 
concentration of the electric lines on the right. 

25. Dielectric Power.—We have pointed out several 
times what part the intervening medium plays in these 
actions at a distance. The air, oil, glass, or other material 
between does not act simply as a non-conductor; it takes 
part in the propagation of the electric forces. Hence 
Faraday, who discovered this fact, termed such materials 
dielectrics. Had oil, or solid sulphur, or glass, been used 
instead of air, the influence exerted by the presence of the 
electrified body at the same distance would have been 
greater. The power of a non-conducting substance to 
convey the influence of an electrified body across it is 
called its dielectric power (or was formerly called its 
specific inductive capacity , see Art. 56 and Lesson XXIII.). 

26. The Electrophorus.—We are now prepared to 
explain the operation of a simple and ingenious instru¬ 
ment, devised by Volta in 1775, for the purpose of 
procuring, by the principle of influence, an unlimited 
number of charges of electricity from one single charge. 
This instrument * is the Electrophorus (Fig. 20). It 
consists of two parts, a round cake of resinous material 
cast in* a metal dish or “sole,” about 12 inches in 
diameter, and a round disk of slightly smaller diameter 
made of metal, or of wood covered with tinfoil, and 
provided with a glass handle. Shellac, or sealing-wax, or 
a mixture of resin, shellac, and Venice turpentine, may 
be used to make the cake. A slab of sulphur will also 
answer, but it is liable to crack. Sheets of hard ebonized 
indiarubber are excellent; but the surface of this substance 

* Volta's electrophorus was announced in 1775. Its principle had 
already been anticipated by Wilcke, who in 1762 described to the Swedish 


requires occasional washing with ammonia and rubbing 
with parallin oil, as the sulphur contained in it. is liable 
to oxidize and to attract moisture. To use the electro- 
pliorus the resinous cake must be beaten or rubbed with 
a warm piece of woollen cloth, or, better still, with a cat’s 



Fig. 20, 


skin. The disk or “ cover ” is then placed upon the cake, 
touched momentarily with the finger, then removed by 
taking it up by the glass handle, when it is found to be 
powerfully electrified with a positive charge, so much so 
indeed as to yield a spark when the knuckle is presented 
to it. The u cover ” nmv he r#*nln,f»ed 






the original charge on the resinous plate meanwhile 
remaining practically as strong as before. 

The theory of the electrophorns is very simple, pro¬ 
vided the student has clearly grasped the principle of 
influence explained above. When the resinous cake is 
first beaten witli the cat’s skin its surface is negatively 
electrified, as indicated in Fig. 21. When the metal disk 
is placed down upon it, it rests really only on three or 
four points of the surface, and may be regarded as an 
insulated conductor in the presence of an electrified body. 
The negative electrification of the cake therefore acts by 
influence on the metallic disk or “ cover,” the natural 
electricity in it being displaced downwards, producing a 
positive charge on the under side, and leaving the upper 
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Fig. 21. 


Fig. 22. 


side negatively electrified. This state of things is shown 
in Fig. 22. If now the cover be touched for an instant 
with the finger, the negative charge of the upper surface 
will be neutralized by electricity flowing in from the earth 
through the hand and body of the experimenter. The 
attracted positive charge will, however, remain, being 
bound as it were by its attraction towards the negative 
charge on the cake. Fig. 23 shows the condition of 
things after the cover has been touched. If, finally, the 
cover be lifted by its handle, the remaining positive 
charge will be no longer “ bound” on the lower surface 
by attraction, but will distribute itself on both sides of 
the cover, and may be used to give a spark, as already 
said. It is clear that no part of the original charge has 

Kaon r)A-naiimArl in +Tna YvrriPACic: w"h i matr Iip ■pprvpaf.prl 




often an desired. Ah a matter of fact, the charge on the 
cake slowly dissipates—especially if the air he damp* 
lienee it is needful sometimes to renew the original charge, 
by afresh heating the cake, with the cat’s skin. The 
labour of touching the cover with the linger at eaoli 
operation may be saved by having a pin of brass or u 
strip of tinfoil projecting from the metallic “ sob*, ” on to 
the top of the cake, so that it touches the plate each times 
and thus neutralizes the negative, charge by allowing? 
electricity to flow in from the earth. 

The principle of the eleutrophorus may then he summed 
up in the following sentence. A conductor if touched 



Fig. ‘23. Mg, 24. 


while under the influence of a charged body acquirer thurclaj 
a charge of opposite sign.* 

Since the electricity thus yadded by the cdectrophorun 
is not obtained at the expense of any part of the original 
charge, it is a matter of some interest to inquire what tin* 
source is from which the energy of this apparently un¬ 
limited supply is drawn ; for it cannot be called into 

x PriosUcy* in 1707, stated thin principle in the following language: —« 
“The electric fluid, when there in a redundancy of it in any body, r«pel» 
the electric fluid in any other body, when they are brought within tho 
sphere of each other’e influence, and driven It into the remote part# of tho 
body; or quite out of the body, if there be any outlet for that purpose. 
In other wordn. bodies immertred in electric atmoaohereii alwav* becomes 




exihlemv without tin* «*\|u-ndil»m* of music other form of 
energy, any more than a Mimiss cngim* run \\**rk without 
fuel. Ah a matter of f:i»1 it in found Hint it k n Huh* 
harder work to hit up tin* **uv»w when it in charged than 
if it won* not **hnr *.«d ; h»r t when rhurgrtl, thorn in the 
touHion of tin* rlrrtnr field to h«* mtivutiic nn well an tho 
force of gravity. Slight I v harder work in dour nt thr ex* 
jh'Umii oi tin* muscular ritrsvjoH of th** * *j«rratia* ; and thin 
is tlu* real origin oi (hr energy Moivd up in tin* nepurate 
charge*. Tin* pUfrh no rliuijimt actions of put t mg down 
tin* disk on tin- **.*K*‘ % touching it, and lifting it up, 
ran In* performed automattrully h\ Mutable mrelmnirul 
arrangement», which tender tin* production of them* 
inductivo charges punt i* nilv ronlinuou s, Of mirli mu 
tinuoUH elect ruphoin thr Intent in Wiutshuot a machine, 
described in f #en*tuu 

27. u Friio lititl "Brntm!" ElootrlUontion.- Wo 

havt* Hpoheit of a charge of elertricii y on the mirfmv of it 
conductor, n% being " hound “ when it i« attracted by thr 
presence of ft Iirighlwitiritig charge of thr opp« uni to kind. 
Tin* converse term 14 tro* " in *otMctmitw applied to tint 
ordinary state of rlrdt srify uj*«»!i nr burned conductor, not 
in thu presence of » dim go of nu opp«wile kind. A 
“ free ” charge ujhui an ii»»nlntnl conductor flown away 
iUHtmitiUtoiiiiuty to ilir earth, if a conducting chuniud be 
provided, Itrt will ho mjdiiillrth It in immaterial wlint 
point of tho conductor \m toll* hod, Thus, in tho cjihc 
represented ill |»‘ig. 17 * wherein II f elect! ifiod bt*dy 

induces - olrilitlkiitiMSi lit tlii' 1 near olid* n«id f eteetri 
fientioii nt tho fat end of mi tuanhttcd conductor, thr -- 
charge U “ hound," bring attracted, W htle thr f charge 
ai tll« other olid, being readied, i* ** f fee ” ; and if the 
insulated conductor hr tint* Iin| h) n Jn^ritiili fUntiditlg Oil the 

ground* tin? " free H olnirgo w ill flow 4 nwnv through hn body 
to tin* onrlluor to tlin iiiiII.ii of tSio roiuii, whilo tho *• hound ’* 


28. Method of ehurjdntf ihn Gold 1 *ouf Kloetro- 
soope by Influonoo, The tud. m will mo\ be p Jv . 
pared to understand tin* nirfli«4 b;, uIu4i Um1»1 J 4lU f 
Electroscope nm be rhorged with tie »<jp.i ofe hmd of 
charge to that of the elect nti»4 b«4\ n » d j.» 4ur ,« it. 
In Lesson 11. it wan a ^mu»4 that the u.n {,. uu 

electroscope was to place lit*' r \> if *d body in * * 
with the knob, and tint i permit, ,* . it w mv, a umll pur- 
tion of the charge h» flow into the gold ira, . 
of glass rubbed on silk bring \ ui.ul.l thu * »<b\ i M u |y 
impart 4* electrification to the g4d lea\ e *. 

Suppose, however, the rubbed 4 a ■ < r»4 t»» be held a 
few inches above tin* knob of the < h » in.-iCMpe, uh 
indeed shown in Fig. l± K\en af tin ■ <ii .t.mee the gold 
leaves diverge, and the effect 4 dm- |.« tutlu« me. Thu 
gold leaves, and the brass wire and km»b, f».nu <*,n- 
tinuous conductor, insulated fr.«m the -jMuud by tin* 
glass jar. The presence of the f charge 4 ibr K |.i.*« nils 
inductively on this u insulated rondo. tor," inducing 
electrification on tin* near end or knob, and inducing p 
at the far end, is. on the g.hl hau-s uhi* h diverge. 
Of these two induced ehurgi*, the «.» the kind* m 
“ bound,” while the + on the leases in *- fi. r ," If j, MW 
while the excited ml is still held nbo\e the t-ln f mm-ope, 
the knob be touched by it person standi ug t«u the ground, 
one of these two induced charges flow i to tin* ground,* 
namely, the free charge--not that <»u the ktmb itJelf, f„r 
it was “bound,” but that on the r»Jd b-nu-H which was 
“free”—-and the gold leaves in Unnth drop d«>w n »tMight. 
There now remains only the charge «.u the kitob* 
“bound” so long ah tlm 4 charge »f the ylw ml in 
near to attract it. But if, finally, the g!.i*« 1,4 be taken 
right away, the — charge is no longer “ bound" **n the 
knoh, but is M free” to flow into the I* a\ »• >, \\ lo« h uiitv 
more diverge—but this time with a rinit ifiraliott 

. 29 * The “Befcurn-Shook." ft is «.i.ietii.„* ,imbed 


a n h It by p» * 1 ■’ ‘ ’ 

nitVrt 4*h*r|t*i*Mi t»Jn % • i > 1 ’ ' ' i ^ ’ 
known hh tin* ,4 r«*turu 4i ’« k, '* '<>• "4 ,i: ' : * ? 

in tin" j»iVH*}jr«* t»l #1 *‘h *t '**4 * u > •. ‘ < »- 

opposite jiij'ii will b«* hj-I.v * .1 i« «.< , * ■ • 
ami on tin* time harm 4 *4 in* * - 1 - - 1 • * 1 ' ' > ’ ! 

ing b<ulii'H may aho :«mhl* * H » ! • '• -1, •' v * 
rlmrgo info tin* mills, • ** ml - * t - *■ ■ 

A 41 rotnrmHlmfk" i* < »m,;H m, ’ '* » -' * •• a 

on tlm yToiiml Ilf I 111* imoo» ««i m ■ ■. . 4 * . 'o 

lia;i atrm'k an t mu,«*> at 1 a,’, >-v. 

Ll-IHHON IV, I /»**?♦ A v.i-- ^ <•*' |;a a-., 

30. Otmdtwtlon - T*m *i4 On <3 :•« 1 >•* - 

wi* explaiut «1 how rritun V lo , , * <• 

mmlurfc olmii nntv t tthilr * <\h* t 0 < t to <>> 1 

inmillUolU TIlO ilini^rni is 1 v <- if , i,. j *,, 

who, in tTiflh fomnl ilia! 1 st, if o i, ! * , 

of a rnbhi ‘4 gla*M lnh»\ jttnl n,n , j. i , c < , a 

into tlm mrk, |w*.,*r ^4 tho | iioi' "4 m.m. 4 > : ! 
Inalim, lit* fi»tiii 4 s ‘timihif |y # IliAl no 5 aV- a y tu ; , *. 4 > 
thread mmlttrltal i»liTtnriSi # mfob* m!\ *r, i t, * 

We mnv tv|ii ill ||ir</» * %]”> t 4 a*< M \ * *, * m , >,» 
Kig. 25 } n ghma r<* 4 , fillet 11,1k » 1 > > )( , t 1 

Wotnl, If a hulh’? mi si l'i 1 1 k 1 • *> I , y 1 <. 1 ■?, j 

tliiiihya limn thirn»hi a a u*- m' a 

glllS4>f tllhn k nihhr4 tlir lailh ! .a , r \ ^ r, ^ , | { , V ' 

attracting light U 4 uu If * *t i% fl | ' . , r Ull 

howc*vi*r» tm i’lri‘ln»iti mill A, i , * } 4 't '\ ♦ 

Clniy rVrii H!«ro4«’*1 III !t 1 ^ h,- 4 ^ r * 

fhuftririty thtMiigli #4 ihn^ l » *,,i’ o u -1 ? v 

au«|anulwl on mlWn X hul « 7 l u > , hu i., 

kuch*(hhU‘c| in wtifftiit? * fivitii lit t/ ,, ^ 



classification of bodies into fond mints and has 

been observed. 

This distinction cannot, however, be entirely main, 
tained, as a large class of substances occupy an inter¬ 
mediate ground as partial conductors. For example, drv 
wood is a bad conductor and also a bad insulator ; it, 
is a good enough conductor to conduct away the high 
potential electricity obtained by friction, but it is a 
had conductor for the relatively low potential elect deity 
of small voltaic batteries. Substances that are vejy bad 



conductors are said to offer a great resistance to the 
flow of electricity through them. There in indeed no 
substance so good a conductor m to be devoid cif resist* 
ance. There is no substance of so high a resist uuee m 
not to conduct a little. Even silver, which cutniuei* bust 
of all known substances, resists the flow of electricity to 
a small extent; and, on the other hand, such n mm corn 
ducting substance as glass, though its resistance in many 
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Tims if a glass tube. is rubbed at. one end, only that one 
end is elcrtrifie<l. Hot glass is, however, a conductor. 
If a warm cake of resin he rubbed at one part with a 
piece of cloth, only the portion rubbed will attract light 
bodies, as may bo proved by dusting upon it through a 
piece of muslin tine powders such as red load, ly<- 0 - 
podium, or verdigris, which adhere where the surface in 
electrified. The ease is, however, wholly different when 
a charge of electricity is imparted to any part of a con¬ 
ducting body placed on an insulating support, fur if 
'inxttnithj distributes itself all over the surface, though in 
general not uniformly over all points of the surface. 

32. The Charge resides on the Surface. A 

charge of electricity resides only on the surface of eon- 
ducting bodies. This is proved by the fact that it is 
found to be immaterial to the distribution what the 
interior of a conductor is made of ; it may be solid metal, 
or hollow, or even consist of wood covered with tinfoil 
or gilt, but, if the shape he the same, tin* charge will 
distribute, itself precisely in the same manner over the. 
surface. There are also several ways of proving by 
direct experiment this very important fact. Let a hollow 
metal ball, having an aperture at tin* top, be taken (as in 
Fig. 2(i), and set upon an insulating stem, and charged 
by sending into it a few sparks from an electrophone. 
The absence of any charge in the inferior may be shown 
as follows:—In order to observe the nature of the, elec- 
trificution of a charged body, it is convenient to have some 
means of removing a small quantity of the eharge m 
a sample for examination. To obtain such a sample, a 
little instrument known as a proof-piano is employed. 
It consists of a little disk of sheet copper or of gilt paper 
fixed at the end of a small glass rod. If this disk is laid 
on the surface of an eleetritied body at any point, part 
of the charge flows Into it, and it may he then removed, 
and the sample thus obtained may he examined with a 




charge. But if the proof-plane be carefully inserted 
through the opening, and touched against the inside of 
the globe and then withdrawn, it will be found that the 
inside is destitute of electrification. An electrified pewter 
mug will show a similar result, and so will even a 
cvlinde of erauze wire. 








33. Biot’s Experiment. Hint proved (la* wane fad, 
in another way. A copper hall was electrified aiu [ 
insulated. Two hollow hemispheres of copper, of a 
larger size, and furnished with glass handles, were, then 
placed together outside it (Fig. til So long ns they 
did not come into contact the charge remained on the 
inner sphere ; but if the outer shell touched the. inner 
sphere for but an instant, the whole of the charge passed 

A 



Fig, 27. 

to the exterior; and when the hemispheres wore separated 
and removed the inner globe wan found to l>« completely 
discharged. 

34. Further Explanation.—-Doubtless the explana¬ 
tion of this behaviour of electricity i« to he found in the. 
property previously noticed as possessed by cither kind 
of electritication, namely, that of refilling itself; hence 
it retreats as far as can be from the centre and remains 
upon the surface. An important proposition concerning 
the absence of electric force within a closed conductor is 
nroved in T/eqann YVT • i f ««£»t l*,* ** . ± ,,.1 
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ricity wn$ once wore fotittil Funnhii. \* n»<mt 

triking experiment ww* made with a hollow riling 
ucasut'ing 1 i feet melt way, built t*f wu*"I» revered with 
infoil, iwmlutd, find charged with n |«»%vnf'iil timrliiiie* 

o that large »|»itrk# and ttnudiw were darling off from 
very part of it* outer uttrfum Itilt» thin cttl*^ Fitrmttty 
ook Ilia most delimte elrrtr*«*«»|M:’« ; but ntieo witliin lie 
ailed to dototst the lwt*t effort ii|t«u them* 



instruments, which ran be eth*e{nelly screened iVum 
the iutluenee of elect rilied bodies by eiiclusing them 
in a cover of thin metal, cIo-smI all round, except, where 
apertures must be made, for purpose of observation. 
Metal gauze answers excellently, and is nearly transparent. 
It was proposed by the late Professor (Merle Max well to 
protect buildings from lightning by covering them on the 
exterior with a network of wires. 

36. Apparent Exceptions. -M'here are two ap¬ 

parent exceptions to the law that electrification resides 
only on the outside, of conductor % i\\ If there are electri¬ 

fied insulated bodies actually placed inside the. hollow 
conductor, the presence of these electrified bodies acts 
inductively and attracts the opposite kind of charge to 
the inner side of the, hollow eoudtietor. When elec¬ 

tricity Hows in a current, it Hows through the substance 
of the conductor. The. law' is limited therefore to elec¬ 
tricity at rest,—that is, to statical charges. 

37. Faraday’s “ Ico-pail n Experiment. (>ne ex» 
])eriment of Faraday deserves not ire, as showing the 
part played by induction in these phenomena. He 
gradually lowered a charged metallic, bull into a hollow 
conductor connected by a wire to a gold leaf electro¬ 
scope (Fig. 29), and watched the effect. A pewter ice- 
pail being convenient for Ids purpose, this experiment is 
continually referred to by this mum*, though any other 
hollow conductor ■ a tin canister or a silver mug, placed 
on a glass support—would of course, answer equally 
well. The following etfeets art* observed : — Suppose 
the ball to have a 4* charge : us it is lowered into the 
hollow conductor the gold leaves begin to diverge, for 
the presence of tin* charge acts inductively, and attracts 
a — charge into the interior and repels a 4 charge to the 
exterior. The. gold leaves diverge more and more until 
the hall is right within the hollow conductor, after which 
no greater divergence, is obtained. On letting the hall 


before, and if now the ball is pulled out it is found to 
have lost all its electrification. Tlie fact that the gold 
leaves diverge no wider after the ball touched than they 
did just before, proves 
that when the charged 
ball is right inside the 
hollow conductor the 
induced charges are 
each of them precisely 
equal in amount to its 
own charge, and the in¬ 
terior negative charge 
exactly neutralizes the 
charge on the ball at 
the moment when they 
touch, leaving the 
equal exterior charge 
unchanged. An electric 
cage , such as this ice- 
pail, when connected 
with an electroscope 
or electrometer, affords an excellent means of examining 
the charge on a body small enough to be hung inside 
it. For without using up any of the charge of the 
body (which we are obliged to do when applying the 
method of the proof-plane) we can examine the induced 
charge repelled to the outside of the cage, which is 
equal in amount and of the same sign. If two equal 
charges of opposite kinds are placed at the same time 
within the cage n‘o effects are produced on the outside. 

38. Distribution of Charge.—A charge of elec¬ 
tricity is not usually distributed uniformly over the 
surfaces of bodies. Experiment shows that there is more 
electricity on the edges and corners of bodies than upon 
their flatter parts. This distribution can be deduced 
from the theory laid down in Lesson XXI., hut mean¬ 
time w a will crivp snrnp nf thft phipf msm fl.fl thpv oax \ bp 






89. Redistribution of Chnmo. If any port! 
of the charge of an itiMihitisl conductor he removed, t 
remainder of the charge will immediately redistribi 
itself over the surface in the same manner a*, the origir 
charge, provided it he a! o /.c. that no otdi 

eondue.tors nr charged hndiet he near to perturb f 
distribution hy complicated etfeeU of inllttetiee. 

.If a (‘onduetor he charged with any quantit-v of eh 
tricitv, ant{ another conductor of the >,uue si/e and sha 
(hut uncharged) he brought into contact with it. for ; 
iustant and then separated, it will he found that, t 
charge has divided itself equally het ween them. tut 
same way a eharge may he divided equally into three, 
more parts hy being distributed simultaneously over thr 
or more equal and similar conductors brought, in 
contact and symmetrically placed, 

If two (‘([mil metal halls, suspended by silk string 
charged with unequal quantities of electricity, an* broug 
for an instant into contact and then separated, if will 
found that the charge has redistributed itself fairly, In 
the sum of the two charges being nmv the charge of cue 
This may even he extended to the ease of charges 
opposite signs. Thus, suppose two similar conductors 
be electrified, one with a positive charge of f» units ai 
the other with 3 units of negative charge, when these a 
made to touch and separated, each will have a positi 
charge of 1 unit ; for the algebraic sum of { 5 and l\ 
-h % which, si tans l lad ween the two equal eonducto] 
leaves + 1 for each. 

40, Capacity of Conductors. If tin* eonducto 
he unequal in size, or unlike in form, the slum's tak< 
hy each in this redistribution will not he equal, hut. w 
he proportional to the electric rupur//na of the rutiductui 
The definition of capacity in its relation to electi 
quantities is given in Lesson XXL, Art. fc J7 1. We nm 
however, make the remark, that two insulated eonduelo 


electrical tut pun 7//; for the larger one must have a larger 
amount of electricity imparled to It in order to electrify 
its surface to the same degree. The term potent itd is 
employed iu this connection, in the following way ■■ A 
given quantity of electricity will eleetrifv an isolated hotly 
up to a certain “potential tf (or power of doing electric 
work) depending on its eapneity, A largo tputniitij of 
electricity imparted to a eonduefor of small atpaa'itj will 
electrify it up to a very high potential ; just tw a large 
quantity of water poured into a vessel of narrow enpaeity 
will raise the surfaee of the water to a high level in tin* 
vessel. The exact definition of Potential, in terms of 
energy spent against the electrical forces, is given in the 
lesson on Kleetrostaticn (Art, 

,lt. will he found eouvenient to refer to a positively 
electrified hudy an one electrified to u posit hr or hitjk 
potential; while a negatively electrified hodv may he 
looked upon as one electrified to a tmv «r vet/titiw 
potential, And just m \fv take the level of the sea as 
a zero level, ami measure the heights of mountains above 
it., and the depths of mines below it* using the mm level 
ns a convenient point of reference for dilferenmi of lev«d t 
so we take the potential of the eartlfn surface (for the 
surface of the earth in ulwaya electrified to u certain 
degree) as ;.rm potential^ and n«e if m a convenient point 
of reference from which to metmttre difIVrenecM of electric, 
potential 


Lkhhon V, — FJeetrie Maehims 

41. For the purpowe of procuring larger supplies of 
electricity than can he obtained t»y the rubbing of it ml 
of glass or shellac, aleotrlo machines have been 
devised. All electric mac lumen coindiU. uf two iuh«i«. 


electrification developed by friction upon the two surfaces 
rubbed against one another depend on the amount of 
friction, upon the extent of the surfaces rubbed, and also 
upon the nature of the substances used. If the two 
substances employed are near together on the list of 
electrics given in Art. G, the electrical effect of rubbing? 
them together will not be so great as if two substances 
widely separated in the series are chosen. To obtain 
the highest effect, the most positive and the most negative 
of the substances convenient for the construction of a 
machine should be taken, and the greatest available 
surface of them should be subjected to friction, the 
moving parts having a sufficient pressure against one 
another compatible with the required velocity. 

The earliest form of electric machine was devised by 
Otto von Guericke of Magdeburg, and consisted of a globe 
of sulphur fixed upon a spindle, and pressed with the 
dry surface of the hands while being made to rotate ; 
with this he discovered the existence of electric sparks 
and the repulsion of similarly electrified bodies. Sir 
Isaac Newton replaced Yon Guericke’s globe of sulphur 
by a globe of glass. A little later the form of the 
machine was improved by various German electricians ; 
Yon Eose added a collector or “ prime conductor,” in 
the shape of an iron tube, supported by a person stand¬ 
ing on cakes of resin to insulate him, or suspended by 
silken strings ; Winckler of Leipzig substituted a leathern 
cushion for the hand as a rubber ; and Gordon of Erfurt 
rendered the machine more easy of construction by using? 
a glass cylinder instead of a glass globe. The electricity 
was led from the excited cylinder or globe to the prime 
conductor by a metallic chain which hung over againnt 
the globe. A pointed collector was not -employed until 
after Franklin’s famous researches on the action of points. 
About 1760 De la Fond, Planta, llamsden, and Cuthbert- 
son, constructed machines having glass plates instead of 



obsolete, having in recent >earn U• u u;t< ;il3 i 
the modern hijlu-aur M*u hm*^ 

42. The Oyllnrior Kliu'trlo Mwrhim 

Cylinder* Electric Mnehiue eoti.*i.4 - *•! •’,* 

mo mi led on a horizontal ari* capable «.! 1 *■ o.- * 
a handle. Against it i.s pre.-t d fr»«m 1<h,* # d *» 
leather stuffed with Jnnv-elmir. the • sot** * m 
covered with u powdered * t vim * j 

of silk attached to the m hem pw> > « * ? h 

covering its upper half, In fr*m! >4 ft* <>tu 
the “prime conductor," uhtth f- made. j 
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usually of the form of an <ylv> W ■, 4 

spherical ends, mmmted ii|«*fi a |fS,i^ hoA %i 
of the prime conductor neatr 4 life «* hnd*-« <t * * 
hearing a row of fine mrialhe »j«il,< ,<*„ uu u4 » 
a rako; the other end ummllv tan A 1 * , t.*l t* * 
a brans 1ml 1 or knob, Tito general oj j\. <, 

is^ shown in Fig. ,11, UVw fW hmAI- -» <m 
friction between the yWa ititd tlsr , *vi< .] 

of the rubber produce A e*,j4mM #U-nn> *J ,« * > 
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tliis «liar P .!<’ h> t!i< i * »' • 

Wing carrWt t-om-i > n \ i»’ - 
lung insulatnl rnii«i‘^ M. ' !'■ 1 

oml ; leaving tli*- n< inr »• I > j « • ; 

tin* row of Juan? • s 1 • * ’ . f 

Art. 47) t awards iW .itii \ la 
illicit is m*utuh/r4 tWt>*> . *’•> v 
tho ruhWr in a j*«-uir-il * u nt u, ■.- 
oxeitod, TIW « t ft* j-? * ' ■ 

though Ww rnnvrtU, lv r •. a. 1 1 
4*chargo fri‘m tip* gla It n * **■ 

tin* - ciiurgt* *»!‘ list* uiM»■!*, ,J >' ■ • J 

on an insulating *t»*M ,ntd \-i • .nd o i 
metallic kiinh. It ih**ttrv» •, m i < ■ 

*t« charge, and 1 m ♦ t»nm »-t ih* mW,.* * ' * 
m allowing tin* - charge t* ! I *• m *:i* *1. • I 
43. The Plato llootrk? Mur him* 
Machine, a.i its natm* ti»|4ir\ i-. < :»-m 
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this charge by tlie following process :—The + charge 
being carried round on the glass acts inductively on the 
long insulated conductor, repelling a + charge to the far 
end ; leaving the nearer end - ly charged. The effect of 
the row of points is to emit a - ly electrified wind (see 
Art. 47) towards the attracting 4- charge upon the glass, 
which is neutralized thereby ; the glass thus arriving at 
the rubber in a neutral condition ready to be again, 
excited. This action of the points is sometimes described, 
though less correctly, by saying that the points collect the 
+ charge from the glass. If it is desired to collect also 
the--charge of the rubber, the cushion must be supported 
on an insulating stem and provided at the back with a, 
metallic knob. It is, however, more usual to use only the 
+ charge, and to connect the rubber by a chain to “ earth,’ 5 
so allowing the - charge to be neutralized. 

43. The Plate Electric Machine.—The Plate 
Machine, as its name implies, is constructed with a 

circular plate of glass 
or of ebonite, and is 
usually provided with 
two pairs of rubbers 
formed of double 
cushions, pressing the 
plate between them, 
placed at its highest 
and lowest point, and 
provided with silk 
flaps, each extending 
over a quadrant of 
the circle. The prime 
conductor is either 
double or curved 
round to meet the 
plate at the two ends 
of its horizontal diameter, and is furnished with two 



points in the cylinder machine. A common form of 
plate machine is shown in Fig. 32. The action of 
the machine is, in all points of theoretical interest, the 
same as that of the cylinder machine. Its advantages 
are that a large glass plate is more easy to construct than 
a large glass cylinder of perfect form, and that the length 
along the surface of the glass between the collecting row 
of points and the edge of the rubber cushions is greater 
in the plate than in the cylinder for the same amount of 
surface exposed to friction ; for, he it remarked, when the 
two charges thus separated have collected to a certain extent, 
a discharge will take place along this surface, the length 
of which limits therefore the power of the machine. In 
a more modern form, due to Le Boy, and modified by 
Winter, there is but one rubber and flnp, occupying a 
little over a quadrant of the plate, and one collector or 
double row of points, while the prime conductor consists 
of a ring-shaped body. 

44. Electric Amalgam.—Canton, finding glass to 
be highly electrified when dipped into dry mercury, sug¬ 
gested the employment of an amalgam of tin with mercury 
as a suitable substance wherewith to cover the surface of 
the rubbers. Still better is Kienmayer’s amalgam, con¬ 
sisting of equal parts of tin and zinc, mixed while molten 
with twice their weight of mercury. Bisulphide of tin 
(“mosaic gold”) may also be used. These amalgams are 
applied to the cushions with a little stiff grease. They 
serve the double purpose of conducting away the negative 
charge separated upon the rubber during tbe action of the 
machine, and of affording as a rubber a substance which 
is more powerfully negative (see list in Art. 6) than the 
leather or the silk of the cushion itself. Powdered graphite 
is also good. 

45. Precautions in using Frictional Machines. 

—Several precautions must be observed in tbe use of 


lienee, except in tlie driest climates, it is necessary to 
warm tlie glass surfaces and rubbers to dissij>ate the film 
of moisture wbicli collects. Glass stems for insulation 
may be varnished with a thin coat of shellac varnish, or 
with paraffin (solid). A few drops of anhydrous paraffin 
(obtained by dropping a lump of sodium into a bottle 
of paraffin oil), applied with a bit of flannel to the 
previously warmed surfaces, hinders the deposit of moist¬ 
ure. A frictional machine which has not been used for 
some months will require a fresh coat of amalgam on its 
rubbers. These should be cleaned and warmed, a thin 
uniform layer of tallow or other stiff grease is spread 
upon them, and the amalgam, previously reduced to a line 
powder, is sifted over the surface. In spite of all pre¬ 
cautions friction machines are uncertain in their be¬ 
haviour in damp weather. This is the main reason why 
they have been superseded by influence machines, which 
do not need to be warmed. 

All points should he avoided in apparatus for 
frictional electricity except where they are desired, like 
the “ collecting ” spikes on the prime conductor, to let 
off a charge of electricity. All the rods, etc., in frictional 
apparatus are therefore made with rounded knobs. 

46. Experiments with the Electric Machine. 
—With the electric machine many pleasing and instructive 
experiments are possible. The phenomena of attraction 
and repulsion can be shown upon a large scale. Fig. 33 
represents a device known as the electric chimes,* 
in which two small brass halls hung by silk strings are 
set in motion and strike against the bells between which 
they are hung. The two outer bells are hung by metallic 
wires or chains to the knob of the machine. The third 
bell is hung by a silk thread, but communicates with the 
ground by a brass chain. The balls are first attracted to 

* Invented in 1752 by Franklin, for the purpose of warning him of the 



tlie electrified outer bells, then repelled, and, having dis¬ 
charged themselves against the uninsulated central bell, 
are again attracted, and so vibrate to and fro. 

By another arrangement small figures or dolls cut out 
of pith can be made to dance up and down between a 
metal plate hung horizontally 
from the knob of the machine, 
and another flat plate an inch 
or two lower and communi¬ 
cating with “ earth.” 

Another favourite way of 
exhibiting electric repulsion 
is by means of a doll with 
long hair placed on the 
machine ; the individual 
hairs stand on end when the 
machine is worked, being 
repelled from the head, and 
from one another. A paper 
tassel will behave similarly 
if hung to the prime con¬ 
ductor. The most striking way of showing this pheno¬ 
menon is to place a person upon a glass-legged stool, 
making him touch the knob of the machine ; when the 
machine is worked, his hair, if dry, will stand on end. 
Sparks will pass freely between a person thus electrified 
and one standing upon the ground. 

The sparks from the machine may be made to kindle 
spirits of wine or ether, placed in a metallic spoon, con¬ 
nected by a wire with the nearest metallic conductor 
that runs into the ground. A gas jet may be lit by 
passing a spark to the burner from the finger of the 
person standing, as just described, upon an insulating 
stool. 

47. Effect of Points; Electric Wind. —The effect 
of points in discharging electricity from the surface of a 



Fig. 33. 


If the machine he in good working order, and capable 0 f 
giving, say, sparks 4 inches long when the knuckle in 
presented to the knob, it will be found that, on la,stoning 
a fine-pointed needle to the conductor, it discharges the 
electricity so effectually at its point that only the. shortest 
sparks can be drawn at the knob, while, a line jet or brush 
of pale blue light will appear at the point. If a lighted 
taper be held in front of the point, the Home will be 
visibly 1)1 own aside (Fig. 34) by the streams of electrified 
air repelled from the point. These air-euiTonts can he 



felt with the hand. They are due to a mutual repulsion 
between the electrified air particles near the point and 
the electricity collected on the point itself. That this 
mutual reaction exists is proved by the olootrio fly or 
electric reaction-mill of Hamilton (Fig. 35), which 
consists of a light cross of brass or straw, suspended on a 
pivot, and having the pointed ends bent round at right 
angles. When placed on the prime conductor of the 

mo/iln’nn av> ■! J .1 4 1 k __ .. ,.V _ * j "| A a * . 


immediately in front of them drives tlie mill round in 
the direction opposite to that in which the points are 
bent. It will even rotate if immersed in turpentine or 
petroleum. If the points of the 
% are covered with small round 
lumps of wax it will not rotate, 
as the presence of the wax pre¬ 
vents the formation of any 
wind or stream of electrified 
particles. 

The electric wind from a 
point will produce a charge 
upon the surface of any insulat¬ 
ing body, such as a plate of 
ebonite or glass, held a few 
inches away. The charge may 
be examined by dusting red 
lead or • lycopodium powder 
upon the surface. If a slip of 
glass or mica be interposed between the point and the 
surface against which the wind is directed, an electric 
shadow will be formed on the surface at the part so 
screened. 

48. Armstrong’s Hydro-Electrical Machine.— 

The friction of a jet of steam issuing from a boiler, 
through a wooden nozzle, generates electricity. In 
reality it is the particles of condensed water in the jet 
which are directly concerned. Lord Armstrong, who 
investigated this source of electricity, constructed a 
powerful apparatus, known as the hydro-electrical 
machine, capable of producing enormous quantities 
of electricity, and yielding sparks 5 or 6 feet long. 
The collector consisted of a row of spikes, placed in tlie 
path of the steam jets issuing from wooden nozzles, 
and was supported, together with a brass hall which 
served as prime conductor, upon a glass pillar. 



Fig. 35. 




of electrical machine, differing entirely from those wo 
have been describing, and depending upon the prhieipb of 
injluence . They also have been termed convert wn-%ndnetion 
machines , because they depend upon the employment of a, 
minute initial charge which, acting by Influence, induces 
other charges, which are then convened by the moving 
parts of the machine to some other purl, where- they can 
be used either to increase the initial charge* or to furnish 
a supply of electrification to a suitable collector. Of such 
instruments the oldest is the Mleetrophorus, explained fully 
in Lesson III. Bonnet, Nicholson, Erasmus Darwin, ami 
others devised pieces of apparatus for accomplishing by 
mechanism that which the clectrophorus accomplishes by 
hand. Nicholson’s revolving doubler, invented in 1788, 
consists of a revolving apparatus, in which an insulated 
carrier can be brought into the presence of an electrified 
body, there touched for an instant while, under influence, 
then carried forward with its acquired charge towards 
another body, to which it imparts its charge*, and which 
in turn acts inductively on it, giving it an opposite 
charge, which it can convey to the first body, thus 
increasing its initial charge at every rotation. 

In the modern influence machines two principh-s art* 
embodied : (1) the principle of inJInonce, namely, tlml a 
conductor touched while under influence act pi ires a charge 
of the opposite kind; (2) the principle of reciprocal 
accumulation. This principle must he, can*fully noted. 
Let there be two insulated conductors A and B electrified 
ever so little, one positively, the other negatively. Let a 
third insulated conductor 0, which will be called a carrier, 
be arranged to move so that it first approaches A and 
then B, and so forth. If touched while under the influ¬ 
ence of the small positive charge on A it will acquire a 
small negative charge ; suppose that it then moves on and 
gives this negative charge to B. Then let it be touched 
whi e mder the in flu cnee of *R bo nonmmmr n umnll 


up thin positive el targe t*» A, thereby inotvmdng its 
punitive eh urge. Then A will m *1 More powerfully, and 
on repeating the former o|*t*ruttotm Imflt It and A will 
Ijcooiuo more lii^lily rlmrged. Kuril aernutnlnten tin* 
charges derived hv iutlueuee from the other, r rhin in the 
fundamental notion of the nmrhiuen in question, The 
modern inlluenee nmetiiues date from I KUO, when (\ F. 
Vnrloy prod need a form with m miTtcm mounted on n 
rotating dink of glass. *l*hi n was followed in 18(15 hy 
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the machine of Hull/. mi«I flint of Toeplor, imd in I HU7 
hy those of herd Kelvin (the M rephmmlmr’* and the 
“ mouse-mill ”). The latest form* am thom of Mr, 
James Wimslmnd. 

50. Typical OtmmtnxoUon. iw*ft»ru de#»mhmg 
wane special foniirt wo will dm! with a generalized typo 
of machine having two IWe«l Juki pint *A and It. wliirh 



a diagrammatic way a view of the essential parts. p,, r 
convenience of drawing it is shown as if Urn metal field, 
plates A and B were aOixed to the. outside of an outer 
stationary cylinder of glass ; the six carriers /\ »/, r, s, 
and u being attached to tin 4 , inside of an inner relating 
cylinder. The essential parts then are as follows : ■ 

(i.) A pair of field platen A and II 

(ii.) A set of rotating curriers /a </, r, s y f 1 and a. 

(iii.) A pair of neutral kirn/ brushes a. ; made of 
IIexihie metal wires, tin* funetion of uhic-li in 
to touch the carriers while they are under the 
influence of the field-plates. They are con¬ 
nected together by a duujouul eonduett>r y which 
need not he insulated. 

(iv.) A pair of appropriation brushes a p a, iy which reach 
over from the field-plates to appropriate the 
charges that are conveyed annual by the 
carriers, and impart them to the field-plates. 

(v.) Tn addition to tlie above, which are sutlieient to 
constitute a complete self-exciting machine, it 
is usual to add a disehnrtjhuj apparatus consist¬ 
ing of two combs <q, to collect any tmappro- 
priated charges from the carriers after they 
have passed the appropriating brushes ; them* 
combs being connected to the adjustable dis¬ 
charging balls at ]). 

The operation of the machine is as follow,*!. The 
neutralizing brushes are set so as to touch the moving 
carriers just before they pass out of the influence of tin* 
field-plates. Suppose the field-plate A to he charged ever 
so little positively, then the carrier p, touched by « { } m t 
as it passes, will acquire a slight negative charge, which it 
will convey forward to the appropriating brush u. } mat 
will thus make B slightly negative. Mach of the nirriew 
as *t msfip.s hi t.lin n\?l» + ...Ml 1 „ O 




CHAP. I 


INFLUENCE MACHINES 


59 


right to left at the lower side will he touched by n 2 while 
under the influence of the — charge on B, and will 
convey a small 4- charge to A. through the appropriating 
brush a 2 . In this way A will rapidly become more and 
more and B more and more - ; and the more highly 

charged they become, the more do the collecting combs 
c x and c 2 receive of unappropriated charges. Sparks 
will snap across between the discharging knobs at D. 

The machine will not be self-exciting unless there is a 
good metallic contact made by the neutralizing brushes and 
by the appropriating brushes. If the discharging apparatus 
were fitted at c v c 2 with contact brushes instead of spiked 
combs, the machine would he liable to lose the charge 
of the field-plates, or even to have their charges reversed 
in sign whenever a large spark was taken from the knobs. 

It will be noticed that there are two thicknesses of 
glass between the fixed field-plates and the rotating carriers. 
The glass serves not only to hold the metal parts, but 
prevents the possibility of back-discharges (by sparks or 
winds) from the carriers to the field-plates as they pass. 

The essential features thus set forth will he found in 
Varley’s machine of 1860, in Lord Kelvin’s “ replenisher ” 
(which had only two carriers), and in many other machines, 
including the apparatus known as Clarke’s ££ gas-lighter.” 

51. Toepler’s Influence Machine. — In this 
machine, as constructed by Voss, are embodied various 
points due to Holtz and others. Its construction follows 
almost literally the diagram already explained, hut instead 
of having two cylinders, one inside the other, it has two 
flat disks of varnished glass, one fixed, the other slightly 
smaller rotating in front of it (Fig. 37). The field-plates 
A and B consist of pieces of tinfoil, cemented on the 
hack of the hack disk, each protected by a coating of 
varnished paper. The carriers are small disks or sectors 






neutralizing brashes are set so as to touch the carriers 
while under influence. Then see that the discharging 
knobs are drawn widely apart. Set the machine in 
rotation briskly. If it is clean it should excite itself 
after a couple of turns, and will emit a gentle hissing 
sound, due to internal discharges (visible as blue glimmers 
in the dark), and will offer more resistance to turning. 
If then the knobs are pushed nearer together sparks will 
pass across between them. The jars (the addition of 
which we owe to Holtz) should be kept free from dust. 
Sometimes a pair of terminal screws are added at S 15 S 2 
(Fig. 38), connected respectively with the outer coatings 



Fig. 38. 


of the jars. These are convenient for attaching wires to 
lead away discharges for experiments at a distance. If 
not so used they should be joined together by a short 
wire, as the two jars will not work properly unless their 
outer coatings are connected. 

52. Wimshurst's Influence Machine. —In this, 
the most widely used of influence machines, there are 
no fixed field-plates. In its simplest form it consists 
(Fig. 39) of two circular plates of varnished glass, which 
are geared to rotate in opposite directions. A number 
of sectors of metal foil are cemented to the front of the 
front nlatfc and to thp hn.<\Tr nf fhp ‘hnr»Tr -nlo+p * fkoco 









llic front is fixed mi uninsulated diagonal conductor, 
carrying at its ends neutralizing brushes, which touch 
the front sectors as they pass. Across the bach, hut 
sloping the other way, is a second diagonal conductor, 
with brushes that touch the sectors on the. hinder plate. 
Nothing more than this is needed for the machine to 
excite itself when set in rotation; hut for convenience 



Fig. 8». 

there is added a collecting and discharging apparatus. 
This consists of two pairs of insulated combs, each pair 
having its spikes turned inwards toward the revolving 
disks, but not touching them; one pair being on the 

Tierin'. OlA A+.Vl AT ATI fcllA V ftff. nYAIIln + rwV AH uti cutlet 4 



sometimes a pair of Leyden jura are added, to prevent the 
sparks from pausing until considerable quantities of charge 
have been, collected. 

The processes that, occur in this machine are host 
explained hy aid of a diagram (Tig. 40), in which, for 
greater clearness, the two rotating plates are represented 



Fig. 40. 


as though they were two cylinders of glass, rotating 
opposite ways, one inside the other. The inner cylinder 
will represent the front plate, the outer the back plate. 
Tu Figs. 39 and 40 the front plate rotates right- 
handedly, the back plate left-handedly. The neutraliz- 




Now .suppose any one of tlio hack sectors represented 
near the top of the diagram to receive a slight positive 1 , 
charge. As it is moved onward toward the left it will 
come opposite the place where one of the front sectors is 
moving past the brush n L . The result will he that the 
sector so touched while under influence by 91 1 will acquire 
a slight negative charge, which it will carry onwards 
toward the right. When this negatively-charged front 
sector arrives at a point opposite n ;{ it acts inductively on 
the back sector which is being touched by n :; ; hence 
this hack sector will in turn acquire a positive charge, 
which it will carry over to the left. In this way all the 
sectors will become more and more highly charged, the 
front sectors carrying over negative charges from left t.o 
right, and the back sectors carrying over positive charges 
from right to left. At the lower half of the diagram a 
similar but inverse set of opt 1 ,rations will be taking plane. 
For when n x touches a front sector under the influence of 
a positive hack sector, a repelled charge will travel along 
the diagonal conductor to n p helping to charge positively 
the sector which it touches. The front sectors, as tiny 
pass from right to left (in the lower half), will carry 
positive charges, while the hack sectors, after touching w tl , 
will carry negative charges from left to right. The 
metal sectors then act both as carriers and as inductors. 
It is clear that there will he a continual carrying of 
positive charges toward the right, and of negative charges 
to the left. At these points, toward which the opposite 
kinds of charges travel, arc placed the collecting-comlm 
communicating with the discharging knobs. The latter 
ought to he opened wide apart when starting the machine, 
and moved together after it has excited itself. 

In larger Wimshurst influence machines two, three, 
or more pairs of oppositely-rotating plates arc. mounted 
within a glass case to keep off the dust. If the neutral- 




was used : first the two discharging km>!»s were put 
together, then the front disk was set into rapid rotation. 
While, so rotating a small initial charge was communi¬ 
cated to one of the field-plates by holding to it a rubbed 
piece of ebonite or glass, or by sending into it a spark 
from a Leyden jar. Thereupon the machine charged 
itself, and began to emit pale blue sparks from the, points 
of the combs and tongues with a hiding sound. On then 
drawing apart the, discharging lamb,, a torrent of sparks 
rushed across. 

These arrangements being known, it L not difficult to 
follow the action of tin 1 - machine, pm\ ided it is once 
understood that the whole operation depends upon the 
circumstance, that the surface of a non-conducting body 
such as glass cun he electrified by letting oil* against it 
an electric wind from a point placet! near it (see Art. 47). 
Suppose that a small initial -f* charge is given to A. This 
will operate, by influence upon the metal parts imme¬ 
diately opposite it, and cause the spikes to become electri¬ 
fied negatively, and to give off a negatively electrified 
wind, which will charge the face of the rotating plate, 
these (‘barges being then carried over to the other side, 
where the spikes of the other comb will he emitting a 
positively electrified wind. The pointed tongues which 
project towards the hack of the rotating disk also let oil 
winds, the tendency being always for them to charge the 
back of the plate with a charge of opposite sign from 
that which is coming toward them on tin* front. If 
negative charges an* being carried over the top on the 
front, then the tongue of B will tend to let off a positive 
charge against the hack, thereby leaving B mure negative. 
In the same way the tongue of A will let off a negatively 
electrified wind, making A more positive, so building 
up or accumulating two opposite kinds of charges on 
the two field-plates. This notion will m»t occur unless 
the moving plate rotates in the direction utmosite to that 


The defects of the Holtz machine were that it was so 
sensitive to damp weather as to he unreliable, that it was 
apt suddenly to reverse its charges, and that the electric 
winds by which it operated could not be produced with¬ 
out a sufficiently great initial charge. 

In later Holtz machines a number of rotating disks 
iixed upon one common axis were employed, the whole 
being enclosed in a glass case to prevent the access of 
damp. A small disk of ebonite was sometimes fixed to 
the same axis, and provided with a rubber, in order to 
keep up the initial charge by friction. Holtz constructed 
many forms of machine, including one with thirty-two 
plates, besides machines of a second kind having two glass 
plates rotating in opposite directions. 

The Holtz machine, as indeed every kind of influence 
machine, is reversible in its action; that is to say, that if 
a continuous supply of the two electricities (furnished by 
another machine) he communicated to the armatures, the 
movable plate will he thereby set in rotation and, if 
allowed to run quite freely, will turn in an opposite sense. 

Itighi showed that a Holtz machine can yield a 
continuous current like a voltaic battery, the strength of 
the current being nearly proportional to the velocity of 
rotation. It was found that the electromotive-force of a 
machine was equal to that of 52,000 Dani ell’s cells, or 
nearly 53,000 volts, at all speeds. The resistance when 
the machine made 120 revolutions per minute was 2810 
million ohms ; hut only 646 million ohms when making 
450 revolutions per minute. 

54. Experiments with Influence Machines.— 
The experiments described in Art. 43, and indeed all 
those usually made with the old frictional machines, 
including the charging of Leyden jars, can be performed 
by the aid of influence machines. In some cases it is 
well to connect one of the two discharging knobs to the 





may be connected by guttape rcl m - eo v e ml wires to tlu* 
two discharging knobs, or to the terminals S,, S., ( ,i 
Fig. 38. The curious property of the electric discharge 
from a point in collecting dust or fumes is readily ulmwn 
by connecting by a wire a needle which is introduced 
into a bell-jar of glass. The latter is tilled with fumes by 
burning inside it a bit of magnesium wire or brown 
paper. Then on turning the handle of the influence 
machine the fumes are at once deposited, ami the air left 
clear. 


Lesson VI.— The. hnjdm Jar and ailar ('ondt users 

55. It was shown in previous lessons that, the opposite 
charges of electricity attract one another ; that, electricity 
cannot flowthrough glass ; and that yet electricity can mi 
across glass by influence. Two suspended pith-bulls, one 
electrified positively and the other negatively, will at tract 
one another across the intervening air. If a plate of glass 
be put between them they will still attract one another, 
though neither they themselves nor the electric charges 
on them can pass through the glass. If a pith hall 
electrified with a —charge be hung inside a dry glass 
bottle, and a rubbed glass rod be held outside, the pith- 
ball will rush to the side of the bottle nearest to tin* glam 
rod, being attracted by the 4* charge thus brought near it. 
If a pane of glass be taken, and a piece of tinfoil be stuck 
upon the middle of each face of the pane, and one piece 
of tinfoil be charged positively, and the other negatively, 
the two charges will attract one another across the glass, 
and will no longer be found to be free. If the pane k 
set up on edge, so that neither piece of tinfoil touches the 
table, it will be found that hardly any electricity can be 
got by merely touching either of the foils, for the charges 




found that these two pieces of tinfoil may be, in this 
manner, charged a great deal more strongly than either of 
them could possibly be if it were stuck to a piece of glass 
alone, and then electrified. In other words, the capacity 
of a conductor is greatly increased when it is placed near to a 
conductor electrified with, the opposite hind of charge. If its 
capacity is increased, a greater quantity of electricity may 
be put into it before it is charged to an equal degree of 
potential. Hence, such an arrangement for holding a 
large quantity of electrification may be called a con¬ 
denser of electricity. 

56. Condensers.—Next, suppose that we have two 
brass disks, A and B (Fig. 42), set upon insulating stems, 
and that a glass plate is placed between them. Let B be 
connected by a wire 


to the knob of an cT 

electrical machine, 

and let A be joined jj, 

by a wire to “ earth.” ft |j- +11 |\ 

The + charge upon QkjSSlZ * 

B will act indue- j|- + Ip 

tively across the *■ \ ® + fr\ 

glass plate on A, j| I 

and will repel elec- p ig _ 

tricity into the earth, 

leaving the nearest face of A negatively electrified. This 
— charge on A will attract the + charge of B to the side 
nearest the glass, and a fresh supply of electricity will come 
from the machine. Thus this arrangement will become a 
condenser. If the two brass disks are pushed up close to 
the glass plate there will be a still stronger attraction 
between the + and — charges, because they are now nearer 
one another, and the inductive action will be greater; hence 
a still larger quantity can be accumulated in the plates. 
We see then that the capacity of a condenser is increased 


disks arc drawn backwards from one another, the two 
charges will not hold one another bound ho strongly, and 
there will be mors free electrification than before over their 
surfaces. This would be rendered evident to the experi¬ 
menter by the little pith-ball electroscopes fixed to them 
(see the Fig.), which would ily out as the brass disks were 
moved apart. We have put no further charge on the 
disk B, and yet, from the indications of the electroscope, 
we should conclude that by moving it away from disk A 
it has become electrified to a higher degree. The fact is, 
that while the conductor B was near the. — charge of A 
the capacity of B was greatly increased, but on moving it 
away from A its capacity has diminished, and hence the 
same quantity of electricity now electrifies it to a higher 
degree than before. The presence, therefore, of an earth- 
connected plate near an insulated conductor increases its 
capacity, and permits it to accumulate a greater charge 
by attracting and condendny the electricity upon the face 
nearest the earth-plate, the surface-density on this face 
being therefore very great; hence the appropriateness of 
the term condenser as applied to the arrangement. 11 was 
formerly also* called an accumulator ; but the term 
accumulator is now reserved for the special kind of battery 
for storing the energy of electric currents (Art. 492). 

The stratum of air between the two disks will suffice 
to insulate the two charges one from the other. The 
brass disks thus separated by a stratum of air constilute 
an air-condenser, or air-leyden. Such condensers 
were first devised by Wilcke and Aepimm. In these, 
experiments the sheet of glass or layer of air act« a« a 
dielectric (Art. 295) conveying the inductive action through 
its substance. All dielectrics are insulators, but equally 
good insulators are not necessarily equally good dielectrics. 
Air and glass are far better insulators than ebonite nr 
paraffin in the sense of beimr much worse conductors. 



>etter still across tliese tlian across a layer of air. 
>ther words, glass is a better dielectric than ebonite, 
)araffin, or air, as it possesses a higher inductive capacii 
It will then be seen that in tbe act of charging a cc 
lenser, as much electricity flows out at one side as fly 
.11 at the other. 

5*7. Displacement.—Whenever electric forces act 
i dielectric, tending to drive electricity in at one side a 
out at the other, we may draw lines of force through ' 
dielectric in the direction of the action, and we may c 
sider tubular spaces mapped out by such lines. We 
consider a tube of electric force having at one end 
definite area of the positively charged surface, and at 
other end an area of the negatively charged surf 
These areas may be of different size or shape, but 
quantities of + and — electrification over them will 
equal. The quantity of electricity which has apparei 
been transferred along the tube was called by Max'' 
fiC the displacement” In non-conductors it is proportb 
to the electromotive-force. In conductors electronic 
forces produce currents, which may be regarded 
displacements which increase continuously with t 
In certain crystalline media the displacement does 
take place exactly in the direction of the electric fc 
in this case we should speak of tubes of influence r* 
than tubes of force. A unit tube will be bounded i 
two ends by unit charges 4- and —-. We may considei 

whole electric field between positively and negati 
charged bodies as mapped out into such tubes. 

58. Capacity of a Condenser.—It appears, £ 
fore, that the capacity of a condenser will depend up 

(1) The size and form of the metal plates or coati 

(2) The thinness of the stratum of dielectric bet 

them ; and 

(3) The dielectric capacity of the material. 

m-u~ r on —The Levden Jar. called 


condenser. It usually eomdsts , Fig. 1C? of a glass jut* 
coated up to a certain laugh! on tla* inside and outside 
with tiutdil. A brass knob ti\ed on tin* and of a stout 
brass wire passes downward through a lid or top of dry 
well varnished wood, and communicate:* b\ a loo, so bit of 
brass chain with tho iunor coatiug of foil, To charge the, 
jar tho knob is ludd to tho primo conductor of an oloctric.al 

machine, tho outor coating 
hoing either hold in tho hand 
or connected to u earth n hy a 
win 1 or chain. When a -p 
charge of oloot ricity is im¬ 
part od lima to tho inner coat¬ 
ing, it nets inductively on tlm 
outer muting, uttraiding a • 
charge into the face of the 
outer c<>atiug neared the glass, 
aud repelling a }■ charge to tho 
outside of the tatter coating, 
and thence through the hand or wire to earth. After 
a few moments the jar will have acquired its full 
charge, the outer coating being * and the inner -K If 
the jar is of good glass, and dry, ami thee from dust, it 
will retain its charge for many hours or days. But if a 
path be provided by which the two mutually attracting 
electricities can How to one another, they will do so, ami 
the jar will be. instantaneously discharged. If the outer 
coating be grasped with one. bund, and the knuckle of the 
other hand bo presented to the knob of the jar, a bright 
spark will pass between the. knob ami the knuckle with a 
sharp report, and at the same moment a convulsive 
<£ shock” will bo communicated to the muscles of the 
wrists, elbows, and shoulders, A safer means of dis¬ 
charging the jar is afforded by the discharging tongs 
or discharger (Fig. 44), which consists of a jointed brass 
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brought near the knob of the jar, and a bright snapping 
spark leaping from knob to knob announces that the two 
accumulated charges have flowed 
together, completing the discharge. 

Sometimes a jar discharges itself by 
a spark climbing over the top edge of 
the jar. Often when a jar is well 
charged a hissing sound is heard, due 
to partial discharges creeping over 
the edge. They can be seen in the 
dark as pale phosphorescent streams. 

60. Discovery of the Leyden 
Jar.—The discovery of the Leyden 
jar arose from the attempt of Mus- 
schenbroek and his pupil Cuneus * to 
collect the supposed electric “ flnid ” in a bottle half filled 
with water, which was held in the hand and was provided 
with a nail to lead the “ fluid ” down through the cork 
to the water from the electric machine. Here the water 
served as an inner coating and the hand as an outer 
coating to the jar. Cuneus on touching the nail received 
a shock. This accidental discovery created the greatest 
excitement in Europe and America. 

61. Residual Charges. — If a Leyden jar he 
charged and discharged and then left for a little time to 
itself, it will be found on again discharging that a small 
second spark can he obtained. There is in fact a 
residual charge which seems to have soaked into the 
glass or been absorbed. The return of the residual 
charge is hastened by tapping the jar. The amount of 
the residual charge varies with the time that the jar has 
been left charged ; it also depends on the kind of glass 
of which the jar is made. There is no residual charge 
discoverable in an air-leyden after it has once been 
discharged. 




62 . Batteries of Leyden Jars. - A large Leydej 
jar will give a mure powerful shock than a small one 
for a larger charge can he put into it ; iln capacity i 
greater. A hoyden jar made of thin glass ban a greate 
capacity as a condenser than a thick one of the, same size 
hut if it is too thin it will he destroyed when powerfully 


i 
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charged by a spark actually piercing the glas 
a Toughened ” glass is less easily pierced than or<linar 
glass, and hence Leyden jars made of it may he mud 
thinner, and ho will hold a greater ehurge. To prove? 
jars from being pierced hy a spark, the highest part < 
the inside coating should he connected across hy a stri 


left a long space of varnished glass above th*- tup of the 
coatings. 

If it in desired to aeeumulate a very great charge of 
electricity, a number of jam must la* employed, all their 
inner routing being ronneetrd together, and id! their 
outer coutingH being united. Thin arrangement in called 
a battery of Loytkrn jam, or Leyden battery (Fig. dft). 
Ah it law a largo capacity, it will require a large quantity 
of electricity to charge it fully. When charged it pro 
ducen very powerful e(feeta ; its spark will pieree glann 
readily, and every care in net ho 
taken to avoid a shock from it f\ 


passing through the person, tin it 
might he fatal. The Uni vernal 
Jlineharger” an employed with the 
Leyden battery m shown at I lie 
right of the figure, 

68, Boat of the Oh&rfro.* 



Benjamin Franklin discovered that 
the charges of the Leyden jar really 
reside on the surface! of the glass, 
not on the metallic ecaitinga. This 
he proved by means of a jar whose 
coatings could \m removed (Fig. 4 (I). 
The jar wan charged and placed upon 
an insulating stand. Tim inner 
coating was then lifted out, and 
the glass jar was then taken out 
of the outer coating. Neither 
coating was fountl to bo electrified 
to any extent, hut on again putting 
the jar together it wan found to 



he highly charged. The eliargen had all the time 


remained upon the inner and outer nurfaet*# of the glass 


uu important part in tin* phenomena. It, 1 i now know* 
that all dielectrics acm^i wldeh induct ive actions art* al 
work are thereby Aminat. * iua.nnueh as a goiiii vacmm 
is a good dielectric, it is ch-ur that it is not necessarily 
the material particles of tin* dielectric substance that an 
thus alleeted ; hence it is believed that electrieal pheno¬ 
mena mv duo to stresses and strains in tin* so-called 
“ether,” the thin medium pervading all matter and all 
space, who-e highly eluaic comt ituthm enables it. to con¬ 
voy to us tho vibrations of light though it is millions ol 
times loss dense than air. As the particles of bodies an 
intimately surrounded by ether, the strains of tin* othoi 
aro also communicated to tin* particles of hodies ? and they 
too sutler a strain. The glass between t 1 m* two coating 
of tinfoil in the Leyden jar is actually strained m 
squeezed, then* being a tension along the lines of eieetrit 
force. When an insulated charged ball is bung up in t\ 
room an equal amount of the opposite kind of charge b 
attracted to tho inside of the walls, and the. air between 
the ball and the walla b\ Htrainod (eleefideally) like tlu 
glass of the I^eyden jar. If a Leyden jar is made of thin 
glass it may give way under the stress ; and when n 
Leyden jar is discharged the layer of air between tin 
knob of the jar and the. knob of the discharging tongs b 
more and more strained as they are approached toward* 
one another, till at last tin* stress becomes too great, and 
the layer of air gives way, and is “ perforated ” by tin 
spark that discharges itself ueross. The existence of such 
stresses enables na to understand the residual charge o 
Leyden jars in which the glass does not recover itself all 
at once, by reason of its viscosity, from the strain It 
which it lias been subjected. It must never be for¬ 
gotten that electric force acts acroBB apace in con 
sequence of tho transmission of stresses and 

* la the exact «clwjcn«a strain moon re* of form os* volintu 


strains in the medium with which space is 
filled. In every ease we store not electricity but cam///. 
Work is done in pushing eleetririty from one place to 
another against the forces which tend to oppose the move¬ 
ment. The charging of a Leyden jar may he likened 
to the, operation of bending a spring, or to pumping 
up water from a low level to a high one. In charging 
a jar we pump exactly as much electricity out of the 
negative side as we pump into the positive wide, and we 
spend energy in so doing. It h this stored energy which 
afterwards reappeura in the dieeharge. 


In;,s ,son VI I. —Uth*r Source of Klvdrijicutiou 

05. It was remarked at the close of Lesson I. (p. 13) 
that friction was hy no means tlit' only source of 
electricity. Some of the other sources will now he 
named. 

00. PorcuHnion. A violent blow struck hy one 
substance upon another produces opposite electrical states 
on the two surfaces. It is possible indeed to draw up a 
list resembling that of Art. II, in such an order that each 
substance will take a -f* charge on being struck with one 
lower on the list. 

07. Vibration. V<djheel 1 i showed that vibrations 
net up within a rod of metal coated with sulphur or 
other insulating substance, produced a separation of 
electricities at the surface separating the metal from the 
mm-eundurtor, 

08 . Disruption and Gkiavagu, If a card be 
tom asunder in the dark, Hjmrks are seen, and the 
separated portions, when tented with an electroscope, will 
he found to he electrical. The linen faced with paper 
used in making strong envelopes and for paper collars, 
ulmwri thm vt*cv wtdl. Lumiw of siumr. crunched in the 



The sudden cleavage of a sheet of mica also produces 
sparks, and both laminae are found to be electrified. 

69. Crystallization and Solidification.—.Many 
substances, after passing from the liquid to the solid 
state, exhibit electrical conditions. Sulphur fused in a 
glass dish and allowed to cool is violently electrified, as 
may be seen by lifting out the crystalline mass with, a 
glass rod. Chocolate also becomes electrical during 
solidification. When arsenic acid crystallizes out from 
its solution in hydrochloric acid, the formation of each 
crystal is accompanied by a flash of light, doubtless due 
to an electrical discharge. A curious case occurs when 
the sulphate of copper and potassium is fused in a 
crucible. It solidifies without becoming electrical, but 
on cooling a little further the crystalline mass begins to 
fly to powder with an instant evolution of electricity. 

70. Combustion.—Yolta showed that combustion 
generated electricity. A piece of burning charcoal, or a 
burning pastille, snch as is used for fumigation, placed 
in connexion with the knob of a gold-leaf electroscope, 
will cause the leaves to diverge. 

71. Evaporation.—The evaporation of liquids is 
often accompanied by electrification, the liquid and the 
vapour assuming opposite states, though apparently only 
when the surface is in agitation. A few drops of a 
solution of sulphate of copper thrown into a hot 
platinum crucible produce violent electrification as they 
evaporate. 

72. Atmospheric Electricity.—The atmosphere 
is found to be always electrified relatively to the earth : 
this is due, in part possibly, to evaporation going on 
over the oceans. The subject of atmospheric electricity 
is treated of separately in Lesson XXY. 

73. Pressure.—A large number of substances when 
compressed exhibit electrification on their surface. Thus 
cork becomes -f- when pressed against amber, guttapercha. 



against spars and animal substances. I Violet found the 
degree of electrification produced by rubbing two sub¬ 
stances together to be independent of the pressure and of 
the size of the surfaces of contact, but depended upon the 
materials and on the velocity with which they moved 
over one another. Rolling contact and sliding friction 
produced equal effects. 

74. Pyro-electricity.—There are certain crystals 
which, while being heated or cooled, exhibit electrical 
charges at certain regions or poles. Crystals thus 
electrified by heating or cooling arc said to be pyro¬ 
electric. Chief of these is tiro Tourmaline, whose 
power of attracting light bodies to its ends after being 
heated has been known for some centuries. It is allxuled 
to by Theophrastus and Pliny under the name of Lapis 
Lyncuriw, Tourmaline is a hard mineral, semi-trans¬ 
parent when cut into thin slices, and of a dark green 
or brown colour, but looking perfectly black and opaque 
in its natural condition, and possessing the power of 
polarizing light. It is usually found in slightly irregular 
three-sided prisms which, when perfect, are pointed at 
both ends. It belongs to the “ hexagonal ” system of 
crystals, but is only hemihedral, that is to say, has the 
alternate faces only developed. Its form is given in Fig. 
47, where a general view is first shown, the two ends A 
and B being depicted in separate plans. These two ends 
differ slightly in shape. Each is made up of three sloping 
faces terminating in a point. But at A the edges between 
these faces run down to the corners of the prism, while 
in B the edges between the terminal faces run down to 
the middle points of the long faces of the prism. The 
end A is known as the analogous pole, and B as the 
antilogous pole. While the crystal is rising in 
temperature A exhibits + electrification, B — ; but if, 
after having been heated, it is allowed to cool, the 




temperature is steady no such electrical effects are 
observed either at high or low temperatures ; and the 
phenomena cease if the crystal be warmed above 150° C. 
This is not, however, due to the crystal becoming a con¬ 
ductor at that temperature ; for its resistance at even 
higher temperatures is still so great as to make it 
practically a non-conductor. A heated crystal of tour¬ 
maline suspended by a silk fibre may be attracted and 
repelled by electrified bodies, or by a second heated 
tourmaline; the two similar poles repelling one another, 



while the two poles of opposite form attract one another. 
If a crystal be broken up, each fragment is found to 
possess also an analogous and an antilogous pole. 

Many other crystals beside the tourmaline are more 
or less pyro-electric. Amongst these are silicate of zinc 
(“ electric calamine ”), boracite, cane-sugar, quartz, tartrate 
of potash, sulphate of quinine, and several others. Boracite 
crystallizes in the form shown in Fig. 48, which represents 
a cube having four alternate corners truncated. The 
corners not truncated behave as analogous poles, the 
truncated ones as antilogous. When a natural hexagonal 

Tvrism nf nnor+7 ia Tiao+n/l ifo mv i. 




75. Piezo-olootrioity.-" In certain ery^tulH preenum 
in a particular direction may produce electrification,. 
Ilaiiy found that, a cryninl of eulcMpar prewed Itetween the 
dry linger^ m m in h along tin* Hunt edge« of 

the crystal, became electHeal, and that it retained ita 


electricity for Home days, Ho 
squeezed suspended crystal an 
property in alleged of mim, 
topaz, and Ihiornpar, If two 
opposite, edges id’ a hexagonal 
prism of quart/, are priced 
together, one becomes f , t lit* 
other -. Pressure also pro- 
(Iucch opposite kiJ mIh of elrctrb 
liratio u at opposite ends of a 
crystal of tourmaline, and of 
other cry si ala of t he class 
already noticed uh pnwofmitig 
the peculiarity of skew nym- 
tnetry or hemihedry in their 
structure, Pinot'fcetririty in 
the name given to thin hraneh 
)f the science. ft m known 
,hat skew-symmetry of utrur, 
,ure in dependent on molecular 
jonslitution ; and it in doubt 
eas the same peculiarity which 
letermineB the pyro eleetrie 
md piezo-electric properties, 
lb well aft the optieul behaviour 
f these crystals in polarized 
iglit, 

70. Animal Blootrioity. 
—Several Hp<*«ic‘n uf cmittm** 
nliahitimr t ho lisivti 


wen proponed to employ a 
an electroscope. A similar 



rig. #. 
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ELKCTRTriTY AND MAGNETISM 


r.virr i 


Ml urn#, The Baia Torpedo;* nr eleetrie ray, of which 
there are three species inhabiting the Mediterranean and 
Atlantic, in provided with an eleetrie organ on the hack 
of its head, as shown in Fig, 4th Thin organ consists of 
lamina* composed of polygonal <**•! 1 h to the number of 800 
or 1000, or mure, .supplied with four large bundles of 
nerve fibres ; the under surface of the tbh is , the upper 
4-. hi the Gymnotun elect rieus, or Surinam eel 
(Fig. f»0), the electric organ goes the wlude length of the 
body from tail to head. Humboldt gi\es a lively aeeouut 



Ml. 


of the combats between the eleetrie* eels ami the wild 
horses, driven by the natives into the swamps inhabited 
by the Gymnotus, It is able to give a most terrible 
shock, and is a formidable antagonist when it has attained 
its full length of f> or 0 feet. In the Sllurus tin 
current flows from head to tail 

Nobili, Matteucei, and others, have shown that nerve* 
excitations and muscular contractions of human being* 
also give rise to feeble discharges of electrieitv. 

77. Electricity of Vegetables, Huff thought la 
detected electrification produced by plant life ; the root* 
and juicy parts being negatively, ami the leaves post 
lively, electrified. The subject lias, hu\ve,ver, been litth 
investigated. 


* It !h a tniriouK roint Hint the Amhlati name for the ten»-4«>. nuad 


78. Thermo-electricity. — Heat applied at the 
junction of two dissimilar metals produces a flow of 
electricity across the junction. This subject is discussed 
in Lesson XXXY. on Thermo-electric Currents. 

79. Contact of Dissimilar Metals.—Yolta showed 
that the contact of two dissimilar metals in air produced 
opposite kinds of 
electrification, one 
becoming positively, 
and the other nega¬ 
tively, electrified. 

This he proved in 
several ways, one of 
the most conclusive 
proofs being that 
afforded by his con¬ 
densing electroscope. 

This consisted of a 
gold-leaf electroscope 
combined with a 
small condenser. A 
metallic plate formed 
the top of the electro¬ 
scope, and on this 
was placed a second 
metallic plate fur¬ 
nished with a handle, and insulated from the lower one 
by being well varnished at the surface (Fig. 51). As the 
capacity of such a condenser is considerable, a very feeble 
source may supply a quantity of electricity to the con¬ 
denser without materially raising its potential, or causing 
the gold leaves to diverge. But if the upper plate be lifted, 
the capacity of the lower plate diminishes enormously, 
and the potential of its charge rises as shown by the 
divergence of the gold leaves.* To prove by the con- 
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clensing electroscope that contact of dissimilar metals does 
produce electrification, a small compound bar made of 
two dissimilar metals—say zinc and copper—soldered 
together, is held in the moist hand, and one end of it is 
touched against the lower plate, the upper plate being 
placed in contact with the ground or touched with tlic 
linger. When the two opposing charges have thus 
collected in the condenser the upper plate is removed, 
and the diverging of the gold leaves shows the presence 
of a free charge, which can afterwards be examined to see 
whether it be + or -. Instead of employing the copper- 
zinc bar, a single voltaic cell may be connected by copper 
wires to the two plates. For a long time the existence of 
this electrification by contact was denied, or rather it was 
declared to be due (when occurring in voltaic combina¬ 
tions such as are described in Lesson 
XIII.) to chemical actions going on ; 
whereas the real truth is that the 
electricity of contact and the chemical 
action are both due to molecular con¬ 
ditions of the substances which come 
into contact with one another, thougli 
we do not yet know the precise nature 
of the molecular conditions which give 
rise to these two effects. Later experiments, especially 
those made with the modern delicate electrometers 
of Lord Kelvin, put beyond doubt the reality of 
Volta’s discovery. One simple experiment explains 
the method adopted. A thin strip or needle of metal 
is suspended so as to turn about a point G. It is 
electrified from a known source. Under it are placed 
(Fig. 52) two semicircular disks, or half-rings of dissimilar 



Fig. 52. 


becomes “ free ” wlien tho top plate is lifted up; the abovo is, however, a 
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jncluk Neither attract h or repel* flu* ele« li died needle 
-until tin* two arc, brought into contact, or ruunreted In a 
third piece of motnl, when the needle binned infidy tunc, 
txung attracted by the one that in oppositely elerirtlied, mul 
repelled by tin; one that in electrified idmihirlv with itself 
80. Contact Seri on of MotiUn (in Air:*. V«dt« 
found, moreover, I hat tin* d iilVrenreH id* electin' potential 
Ibetwoen fhiMlitlerent pair* of nuduH wore not nil e*}tnd, 
Thun, while zinc and lead wiv respect ndy I ami !*• 
a alight degree, ho found zinc and mIut to he reaper 
ti roly *h and to a much groat or degree. Ho mins able 
to arrange, the mctulri in a aerie* uueli that each *»tio 
enunicmtwl became positively tdrrf rifled wlan phiml in 
contact in air with mu; below it in the m-twn, T!»»«»r 
in italics are added from uliHervntioim mmh* mure V«4ta‘p 


tiUl(! 


t Sitfistm t I b m|*|**'I * 

A Kthrs, 

Zim\ t 

IiWld, i'ftift Htnn, 

Tin, ifmphifK- {< 'nt \>**n ), 

l mit» 


Though Volta gave rough lippru&itwtf nnm, the tirttutt 
numerical values of the titifertnirett of fmletiiiid In tttr tor 
li demit pairs of metals have only lately beet* mmmmi 
oy Ayrton and Perry, a few of whom* rmilin nm tabu 
Ated here— 


tU!T«McitO« ? if 


The difference nf potential between zine and carbon 
is the same as that obtained by adding the successive 
differences, or 1 *09 volts.* Volta's observations may 
therefore be stated in the following generalized form, 
known as Volta’s Law. The difference of potential 
between any tiro nuittls is et pad to the sunt <>/ the differ¬ 
ences of potentials between, the intervening no tats in the 
contact-series. 

It is most important to notice that the order of the 
metals in the. contact-series in air is almost identical 
with that of the metals arranged according to their 
electro-chemical power, as calculated from their chemical 
equivalents and their heat of combination with oxygen 
(see Table, Art. 489). From this it would appear that 
the difference of potentials between a metal and the. air 
that surrounds it measures the tendency of that metal 
to become oxidized by the air. If this is so, and if (as 
is the case) the air is a had conductor while the. metals 
are good conductors, it ought to follow that when two 
different metals touch they equalize their own potentials 
by conduction but leave the films of air that surround 
them at different potentials. All the exact experiments 
yet made have measured the difference of potentials not 
between the metals themselves, hut between the air near 
one metal and that near another metal. It is certain 
that while in air iron is positive to copper, hut in an 
atmosphere of sulphuretted hydrogen, iron is negative to 
copper. Mr. John Brown has lately demonstrated the 
existence on freshly-cleaned metal surfaces of films of 
liquid or condensed gases, and has shown that polished 
zinc and copper, when brought so near that their films 
touch, will act as a battery. 

81. Contact Actions. -A difference nf potential is 
also produced by the contact of two dissimilar liquids with 
one another. 


Uli/V l • I 
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A liquid and a metal In contact with one a ji** flt**r ah«* 
exhibit a dillerence of potentini, and it* the nwt.d b-nda 
to dissolve into the liquid chemically there will he »i» 
electromotive force acting from the m« Ml fownid the 
liquid. 

The thermo-electric dith-reme of potential at a pun* 
tion of two metals is n true conflict «hltet‘»e**, It *» 
measured by tin* amount of heat produced ,-n-r l*<!hn 
effect, Art. 420) hy passing u current of **!<•« In* »h m tlm 
reverse direction through the junction. 

A hot metal placed in ronfm t with a « U f-im 1 »>! 
the same metal also products a diflrrmn* «a j»*n ntnd, 
electrical separation taking place n«rooi the *mfa< e *4 
contact. 

Lastly, it has been shown In l*r»»fc ««.!' J, .1 Th»m«oti 
that the surface of contact between two mat c"ii<ht*'tittg 
substances, such as sealing wa,\ and gk-^, a# the mail of <t 
permanent difference of potentials 

82 . Magnoto-alootrlalty. Klniiic tnumu Hot* 
ing along in wires eau be obtained inmt magnet.* by 
moving closed conducting circuits in their urtghk’Mt 

hood. This source m dealt with in Ait f^oit 

XVIIL 

83, 8uno.mm.ry, — We have recti in ihe pfm’mhng 
paragraphs how almost till conceivable iigeticiejt \my p*'« 
dueo electrification in bodies. The mmi important of 
these are friction, heat, chemical action, tuagiirtbrn, ate! 
the contact of dissimilar substances, We uutril tlmi tlir 
production of electricity by friction defended largely 
upon the molmtlar romltliun of the Mirfiwm We «i«t 
here add that the difference of potential pnulisrp*! by 
contact of dissimilar substance?* nko varies with the 
temperature and with the nature of the medium (mr, 
vacuum, etc.) in which the experiment.* are ttiidr 
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shapes, and vibrating with different velocities and with 
different forces. There are (see Art. 10) good reasons 
for thinking that the electricity of friction is really due 
to electricity of contact, excited at successive portions of 
the surfaces as they are moved over one another. But of 
the molecular conditions of bodies which determine the 
production of electrification where they come into contact, 
little or nothing is yet known. 



CHAPTER II 

MAGNETISM 

Lesson YIIL —Magnetic Attraction and Repulsion 

84. Lodestones or Natural Magnets.—Tlie 
name Magnet (Magnes Lapis) was given by tlie ancients 
to certain hard black stones found in various parts of 
the world, notably at Magnesia in Asia Minor, which 
possessed the property of attracting to them small pieces 
of iron. This magic property, as they deemed it, made 
the magnet-stone famous ; but it was not until the tenth 
or twelfth century that such stones were discovered to 
have the still more remarkable property of pointing 
north and south when hung up by a thread. This pro¬ 
perty was turned to advantage in navigation, and from 
that time the magnet received the name of Lodestone * 
(or “ leading-stone ”). The natural magnet or lodestone 
is an ore of iron, known to mineralogists as magnetite and 
having the chemical composition Fe 3 0 4 . This ore is 
found in quantities in Sweden, Spain, the Isle of Elba, 
Arkansas, and other parts of the world, though not 
always in the magnetic condition. It frequently occurs 



acquired the properties characteristic of the stone ; it 
will attract light hits of iron, and if hung up by a 



thread it will point 
north and south. 
Savery, in 1729, 
first showed how 


much more reten¬ 



tive of magnetism 
hardened steel is 
than mere iron. 


Figs. 53 and 54 
Figs. 53 and 54. b 

represent a natural 

lodestone and an artificial magnet of steel, each of which 
lias been dipped into iron-filings; the filings are attracted 
and adhere in tufts. 


80. Writings of Dr. Gilbert.—This was all, or 


nearly all, that was known of the magnet until Hi00, 
when Dr. Gilbert published a large number of magnetic 
discoveries in his famous work J)e Magnete. He 


observed that the attractive power of a magnet appears 
to reside at two regions, and in a long-shaped magnet 
these regions, or poles, are usually at the ends (see Figs. 
53 and 54). The portion of the magnet which lies be¬ 
tween the two poles is apparently less magnetic, and does 
not attract iron-filings so strongly ; and all round the 
magnet, halfway between the poles, there is no attraction 
at all. This region Gilbert called the equator of the 
magnet, and the imaginary line joining the poles he 
termed the axis. 


87. Magnetic Needle.-—To investigate more fully 
the magnetic forces a magnetic needle is employed. 
This consists (Fig. 55) of a light needle cut out of steel, 
and fitted with a little cap of brass, glass, or agate, by 
means of which it can be hung upon a sharp point, so 
as to turn with very little friction. It is rendered 
magnetic by being rubbed upon a magnet; and when 


position, or, as wo should say, will set itself in tlie 
“ magnetic meridian ” (Art. 151). The compass sold 
by opticians consists 
of such a needle 
balanced above a 
card marked with the 
“points of the com¬ 
pass.” 

88. Magnetic 
Attractions and 
Repulsions.— I f 
we take a magnet 
(either natural or 
artificial) in our hand 
and present the two 
“ poles ” of it succes¬ 
sively to the north¬ 
pointing end' of a 
magnetic needle, wo 
shall observe that 
one pole of the magnet attracts it, while the other repels 
it (Fig. 56). Repeating the experiment on the south- 

pointing end of 
the magnetic 
needle, wo find 
that it is repelled 
by one polo and 
attracted by the 
other ; and that 
the same pole 
which attracts the 
north-pointing 
end of the needle 
repels the south- 
•nointinjz end. 




Fig. 50. 
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previously boon suspended, and which has its north-point¬ 
ing end marked to distinguish it from the south-pointing 
end, we shall discover that the N-pointing pole repels 
the N-pointing pole, and that the N-pointing pole repels 
the S-pointing pole ; but that a N-pointing pole attracts 
and is attracted by a S-pointing pole, 

89. Two Kinds of Magnetic Polos. • There would 
therefore appear to be two opposite hinds of magnetism, 
or at any rate two opposite kinds of magnetic poles, 
winch attract or repel one another in very much the 
same fashion as the two opposite kinds of electrification 
do ; and one. of these, kinds of magnetism appears to have 
a tendency to move, toward the north and the other to 
move to waul the south. It has been proposed to call 
the.se two kinds of magnetism “ north-seeking magnet¬ 
ism ” and “south-seeking magnetism ”, but for our purpose 
it is sufficient to distinguish between the two kinds of 
poles. In common parlance, the poles of a magnet are 
called the “ North Pole ” ami South Pole n respectively, 
and it is usual for the makers of magnets to mark the 
N-pointing pole with a letter N. It is therefore some¬ 
times called the “ marked n pole, to distinguish it from 
the S-pointing or u unmarked ” pole. We shall, to 
avoid any doubt,* call that pole of a magnet which would, 
if the magnet were suspended, tend to turn to the north, 
the “ North-seeking ” pole, and the other the u South- 
seeking ” pole. 

We may therefore sum up our observations in the con- 

* It is necessary in 1m precise on this poinf, as there is wime confusion 
in the existing text-books. The cauno of (ho confusion is thin If the 
north-pointing polo of a noodle in altnwtcd by magnetism residing near the 
North 1’ole of the earth, the law of ati ruction filial until v ml?# all 'act) 
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cise statement: Like magnetic poles repel one another; un¬ 
like poles attract one another. This we may call the first 
law of magnetism. As with the electric attractions and 
repulsions of rubbed bodies, so with these magnetic 
attractions and repulsions the effects are due, as we shall 
see, to stresses in the intervening medium. 

90. The two Poles inseparable. — It is impossible 
to obtain a magnet with only one pole. If we magnetize 
a piece of steel wire, or watch spring, by rubbing it with 
one pole of a magnet, we shall find that still it has two 
poles—one N-seeking, the other S-seeking. And if we 
break it into two parts, each part will still have two poles 
of opposite kinds. 

91. Magnetic Force.—The force with which a 
magnet attracts or repels another magnet, or any piece of 
iron or steel, we shall call magnetic force . * The force 
exerted by a magnet upon a bit 
of iron or on another magnet is 
not the same at all distances, the 
force being greater when the 
magnet is nearer, and less when 
the magnet is farther off. (See 
Art. 128, on laws of magnetic 
force.) 

Whenever a force acts thus between two bodies, it acts 
on both of them, tending to move both. A magnet will 
attract a piece of iron, and a piece of iron will attract a 
magnet. This was shown by Sir Isaac Newton, who 

then a difficulty. The Chinese and the French call the N-pointing pole 
of the needle a south pole, and the S-pointing pole a north pole. Lord 
Kelvin also calls the N-pointing pole a “ True South ” pole. But common 
practice goes the other way, and calls the N-pointing pole of a magnet its 
“North” pole. For experimental purposes it is usual to paint the two 
poles of a magnet of different colours, the N-seeking pole being coloured 







fixed a magnet upon a piece of cork and floated it in a 
basin of water (Fig. 57), and found that, it moved across 
the basin when a piece of iron was held near. A com¬ 
pass needle thus floated turns round and points north and 
south; but it does not rush towards the north as a whole, 
nor towards the south. The. reason of this will he ex¬ 
plained later, in Art. 120. 

Gilbert suggested that the force of a magnet might be 
measured by making it attract a piece of iron hung to 
one arm of a balance, weights being placed in the. scale- 
pan hanging to the other arm ; and he found, by hanging 
the magnet to the balance and placing the iron beneath 
it, that the effect produced was the same. The action 
and reaction are then equal for magnetic forces. 

92. Magnetic Substances. - A distinction was 
drawn by Gilbert between magnets and magnetic substances, 
A magnet attracts only at its poles, and they possess 
opposite properties. But a lump of iron will attract 
either pole of the magnet, no matter what part of the 
lump be presented to the magnet. It has no distinguish¬ 
able fixed “poles,” and no magnetic “equator” A true 
magnet has poles, one of which is rtf died by the pole of 
another magnet, 

93. Other Magnetic Metals.— Later experimenters 

have extended the list of substances which are attracted 
by a magnet. Tn addition to iron (and steel) the follow¬ 
ing metals are recognized as magnetic ^ 

Nickel, (Jhromlum, 

« Cobalt, Cerium, 

and a few others. But only nickel and cobalt are at all 
comparable with iron and steel in magnetic power, and 
even they are very far inferior. Other bodies, sundry 
salts of iron and other metals, paper, porcelain, and 
oxygen eras, are also very feebly attracted by a powerful 



bismuth, antimony, phosphorus, and copper, are apparently 
repelled from the poles of a magnet. Such bodies are 
called diamagnetic todies ; a fuller account of them will be 
found in Lesson XXIX. 

95. The Earth a Magnet. — The greatest of 

Gilbert’s discoveries was that of the inherent magnetism 
of the earth. The earth is itself a great magnet , whose 

“ poles ” coincide nearly, but not quite, with the 

geographical north and south poles, and therefore it 
causes a freely-suspended magnet to turn into a north- 
and-south position. Gilbert had some lodestones cut to 
the shape of spheres to serve as models of the globe of 
the earth. Such a globular magnet he called a terrella. 
He found that small magnets turned toward the poles 
of the terrella, and dip, as compass-needles do, toward 
the earth. 

The subject of Terrestrial Magnetism is treated of in 
Lesson XII. It is evident from the first law of mag¬ 
netism that the magnetic condition of the northern 

regions of the earth must he the opposite to that of the 
north-seeking pole of a magnetized needle. Hence arises 
the difficulty alluded to on page 92. 

96. Induction of Magnetism.—Magnetism may 
be communicated to a piece of iron without actual contact 



Fig. 58. 

with a magnet. If a short, thin unmagnetized bar of 
iron be placed near some iron filings, and a magnet be 
brought near to the bar, the presence of the magnet will 
induce magnetism in the iron bar, and it will now attract 
the iron filings (Fig. 58). This inductive action is very 



an electrified one. The analogy, indeed, goes further 
than this, for it is found that the iron bar thus magnetized 
by induction will have two poles ; the pole nearest to the 
pole of the inducing magnet being of the opposite kind, 
while the pole at the farther end of the bar is of the same 
kind as the inducing pole. Those bodies in which a 
magnetizing force produces a high degree of magnetization 
are said to possess a high permeability. It will be shown 
presently that magnetic induction takes place along 
certain directions called lines of magnetic induction, or lines 
of magnetic force, which may pass either through iron and 
other magnetic media, or through air, vacuum, glass, or 
other non-magnetic media: and, since induction goes 
on most freely in bodies of high magnetic permeability, 
the magnetic lines are sometimes (though not too ac¬ 
curately) said to “ pass by preference through magnetic 
matter,” or, that “ magnetic matter conducts the lines of 
force.” 

97. Attraction across Bodies.—-If a sheet of glass, 
or wood, or paper, be interposed between a magnet and 
the piece of iron or steel it is attracting, it will still 
attract it as if nothing were interposed. A magnet sealed 
up in a glass tube still acts as a magnet. Lucretius found 
a magnet put into a brass vase attracted iron filings 
through the brass. Gilbert surrounded a magnet by a 
ring of flames, and found it still to be subject to magnetic 
attraction from without. Across water, vacuum, and * all 
known substances, the magnetic forces will act; with tho 
single apparent exception, however, that magnetic force 
will not act across a screen of iron or other magnetic 
materia], if sufficiently thick. If a small magnet is sus¬ 
pended inside a hollow ball made of iron, no outside 
magnet will affect it, the reason being tliat the magnetic 
lines of force are conducted off laterally through the iron 
instead of penetrating through it. A hollow shell of 




Fig. 50 ill usi rates t lio wav in which u rylmdei «4 mdt 
iron shields the space interim* to It from I hr intlmmr *4 
an ex tonal magma. A cnmpsiw nwdie plmvd nf 1* 
the cylinder in not alloclcd hy tlm piwutco *4 i!»*■» nm^uri 
outside, for it.H lines of magnetic force ur»* drawn «»it 
laterally. Similarly a magma inside m tdtirldnl Ii**n* 
alfecting outside. space. 

.Although magnet if induction taken pbov at a dc4amv 
across an intervening layer of air* glum H «»t vacuum, floor 
is no doubt that the intervening medium h dtiwfh * «»n 
cerned in the transmission of the magneto fmcr, though 



the true medium in probably the 11 citlinr 18 nf «fittrr. mr* 
rounding the molecules of matter! tmt llw tnulmnh® 
themselves. 

We now ran see why u magma nhmild iittrurf w smi 
previously-magnetized piece of iron j it f»r*t twigurii*** 
it by induction and then attracts it; hr tlm nmm-^ r n4 
willluyve the opposite kiml of magnet dm iiidured m n # 
and will he attrnrted with n force ex cm hug flint trill* 
which the more distant end k repelled, Itiit mdmhmm 
precedes attraction, 

98. Retention of Mniroottaitlosi. Km till n$»n-: 
netic substances can bocuiiip magnet#* periuiineiitli* 
Lodestone, steel! and nickel retnin twrnijtiwtitly iW 
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retain magnetism imperfectly. The softer and purer a 
specimen of iron is, the more lightly is its residual mag¬ 
netism retained. The following experiment illustrates 
the matter --Let a few pieces of iron rod, or a few soft 
iron nails he taken. If one of these (see Fig. 00) he 
placed in contact with the pole of a permanent, steel mag¬ 
net, it is attracted to it, ami becomes itself a temporary 
magnet. Another hit of iron may then he hung to it, 
and another, until a chain of four or live pieces is built 
up. But if the steel magnet bo 
removed from the top of the, 
chain, all the rest, drop off, and 
are found to he no longer mag¬ 
netic. A similar chain of steel 
needles may be formed, hut they 
will retain permanently most of 
their magnetism. 

It will he found, however, that 
a steel needle is more dinbuilt to 
magnetize than an iron needle 
of the same dimensions. It is 
harder to get the magnetism into steel than into iron, 
and it is harder to got the magnetism out, of steel than 
out of iron ; for the steel retains the magnetism once 
put into it. This power of resisting magnetization or 
demagnetization is sometimes ended conriir force; a 
much better term, due to Lanumt, is rotontivity. 
The rotontivity of hard-tempered steel is great; that of 
soft wrought iron is very small. The. harder the steel, 
the greater its retenlivity. Form affects retentivity. 
Elongated forms and those shaped as closed or nearly 
closed circuits retain their magnetism better than short 
rods, halls, or cubes. 

99 . Theories of Magnetism.— -The student will 



Fig. 00. 



of phenomena are quite distinct. A positively electrified 
body does not attract either the North-pointing or the 
South-pointing pole of the magnet an such ; in fart, it 
attracts either pole quite irrespective of its magnetism, 
iust as it will attract any other body, There does exist, 
indeed, a direrl relation between magnets and cummin of 
electricity, as will be. later explained. There is none 
known, however, between magnets and stationary charges 
of electricity. 

In many treatises it is the fashion to speak of a mag¬ 
netic fluid or thuds ; it is, however, absolutely certain 
that magnetism is not a fluids whatever else it may he. 
The term is a relic of bygone times. A magnet when 
rubbed upon a pie.ee of steel magnetizes it without gimng up 
or losing any of its own magnetism, A fluid cannot possibly 
propagate itself indefinitely without loss. The arguments 
to be derived from the behaviour of a magnet on break¬ 
ing, and from other experiments narrated in Lesson X., 
are even stronger. No theory of magnetism will there¬ 
fore be propounded until these facts have been placed 
before the student, 


Lksbon IX.—Methofo of making Magnets 

100. Magnetisation by Single Touch, dt ban 
been so far assumed that liars or needles of steel were 
to be magnetized by simply touching them, or stroking 
them from end to end with the pole of a permanent mag¬ 
net of lodestone or steel In this ease the last touched 
point of the bar will ho a polo of opposite kind to that 
used to touch it; and a more certain effect is produced If 
one pole of the magnet be rubbed cm one end of the steel 
needle, and the other pole upon the other end. There 
are, however, better wavs of matmetizinu a bar or needle. 


horizontally ; two bar magnets arc then placed down upon 
it, their opposites pules being together. They are then 
drawn asunder from the middle of the bar towards its 
ends, ami bark, several times. 
The bar is then turned over, 
and the operation repeated, 
taking rare to leave oil' at the 
middle (see Kig. (51). The 
process is more effectual if the 



Fig. m. 


ends of the bar are meantime supported on the poles 
of other bar magnets, the poles being of the same names 
as those of the two magnets above them used for stroking 


the steel bar. 

102. Magnetization by Doufolo Touch. -Another 
method, known as double touch, differs slightly from that 
last described. A piece of wood or eork is interposed 
between the ends of the two bar magnets employed, and 
they are then both moved backwards and forwards along 
the bar that is to be magnetized. By none of these 
methods, however, can a steel bar be magnetized beyond 
a certain degree of intensity. 

103, Forms of Magnets.- Natural magnets are 
usually of irregular form, though they are sometimes 
reduced to regular shapes by cutting or grinding. 
Formerly it was the fashion to mount them with soft 
iron cheeks or u armatures ” to serve as pole-pieces. 

For scientific experiments bar maynets of hardened 
steel are commonly used ; but for many purposes the 
horse-shoe shape is preferred. In the horse-shoe magnet 
the poles are bent round so as to approach one. another, 
the advantage here being that so both poles can attract 
one piece of iron. The “ armature,” or li keeper,” as the 
piece of soft iron placed across the poles is named, is 
itself rendered a magnet by induction when placed across 
the poles; hence, when both poles magnetize it, the force 


tliin steel magnets are itmre powerful in proportion to 
their weight than thirker ones, lienee, it wan proponed 
by Seoresby * to construct compound mtujnct^ consisting 
of thin lainimo of steel separately magnetized, ami after- 



Kitf. tv.». Fig, ( sa. 


wards hound together in ImmlleH (Fig, (te). These 
laminated magnets tiro more powerful than simple barn of 
steel. Compound horse-shoe magnets are sometimes used r 
the plates separately magnetized are ussemhied m in 
Fig. 63. 

105. Magnetization derived from the Barth. 
—The magnetism of the earth may he utilized where no 
other permanent magnet is available to magnetize a bar 
of steel. Gilbert states that iron bars set upright for a 
long time acquire magnetism from the earth, if a steel 
poker bo held in the magnetic meridian, with the north 
end dipping down, ami in this position be struck with a 
wooden mallet, it will be found to have acquired magnetic 
properties. All vertical iron columns in our northern 
latitudes are found to have their lower ends N poles 
and their upper ends K-poles, In Australia and the 
southern hemisphere the tops of iron eohumm are 
N-poles. Wires of steel subjected to torsion, while in 
the magnetic meridian, are also found to be thereby 
magnetized. 

100. Magnetization after Heating,- Gilbert din 

covered also that if a bar of steel be heated to redness, 
and cooled, either slowly or suddenly, while lying in the 
magnetic meridian, it tiepmw magnetic polarity, No 










a blue tint , and is springy and flexible. Short bar mag¬ 
nets retain most magnetism if left glass-bard without 
tempering. But magnets whose length is more than 
twenty times their thickness retain more magnetism if 
tempered down to a straw or even to a blue tint. 

109. Destruction of Magnetism.—A steel mag¬ 
net loses its magnetism partially or wholly if subjected 
to rough usage, or if purposely hit or knocked about. 
Newly magnetized magnets lose more strength by rough 
treatment than those which have been long magnetized. 
A magnet loses its magnetism, as Gilbert showed, on being 
raised to a bright red heat. The slightest vibration will 
destroy any magnetism remaining in annealed soft iron. 

110. Magnets of Unvarying Strength.—Ordi¬ 
nary steel magnets have by no means a permanent or 
constant magnetism. They soon lose a considerable per¬ 
centage of their magnetism, and the decay continues 
slowly for months and years. Every shock or jolt to 
which they are subjected, every contact with iron, every 
change of temperature weakens them. Every time that 
the keeper is slammed on to a horse-shoe magnet it is 
weakened. For the purpose of making magnetic measure¬ 
ments, and for use as controlling magnets of galvano¬ 
meters, magnets are, however, required that shall possess 
the utmost constancy in their strength. Magnets of un¬ 
varying strength may be made by attention to the following 
points. Choose a form either of a nearly closed circuit or 
of a very long rod. Let the steel he hardened as much 
as possible (see Art 108 above), then placed in steam at 
100° for twenty or thirty hours or more. Then magnetize 
as fully as possible, and then heat again for five hours in 
steam* Magnets of a shape constituting a nearly closed 
circuit are more constant than short straight magnets. 

111. Effects of Heat on Magnetization.—If a 
permanent steel magnet be warmed by placing it in hot 
or boiling water, its strength will be thereby lessened, 



me,mines its strength. Hast iron mines to he attracted 
hy a magnet at a bright red heat, or at a temperature of 
about 700° 0. Cobalt, retains its magnetism at. the 
highest temperatures. Chromium censes to be. magnetic 
at about 500° C., ami nickel at. C. Manganese 

exhibits magnetic, attraction only when cooled to —S2() u (1 
It has therefore, been surmised that other metals would 
also become magnetic, if cooled to a low enough tempera¬ 
ture. Trowbridge found severe, cooling to 100° below 
zero to destroy the magnet ism of steel magnets; but, 
Dewar lias observed that, when cooled to near -- S200" (A 
in liquid oxygen the magnetic properties of iron are 
nearly twice as high as at O' C. The magnetic, metals at 
high temperatures do not, become diamagnetic, but are 
still feebly magnetic. 

112. Magnetic Saturation. A magnet to which 
as powerful a degree of magnetization as it can attain to 
has been given is said to be saturated, A recently mag¬ 
netized magnet, will occasionally appear to be super- 
sat united, possessing even after the application of the 
magnetizing force has ceased a higher degree of magnetism 
than it is able to retain permanently. 'Thus a horse,- 
shoe-shaped steel magnet will support a. greater weight 
immediately after being magnetized than it- will do aftei 
its armature has been once removed from its poles. 
Even soft iron after being magnetized retains a small 
amount of magnetism when its tewjmnu'ij •auujaetisin- \m 
disappeared. This small remaining magnetic charge h 
spoken of as residual inatjnetisw. 

113. Strength of a Magnet. Tin* “ strength J> of j 
magnet is not the same thing as its u lifting power.” lt» 
lifting power is a very uncertain quantity depending not 
only on the shape of its polar surfaces, but on the shape 
and quality of the mass of iron used as load. Douse- 
quently the £< strength J? of a magnet pole must be measurer 


anti B, whom*. strengths we compare by making them 
each act upon the H pole of a third magnet (1 If the 
js[ pole of A repel* (5 with twice an mni’li force an that 
with which the N pole of B placed at tlm Hntne distance 
would repel (1, then we .should nay that the u strength ” 
of A wan twice that of B. Ansitlui' way of putting the 
matter in to nay that the u strength n of a pole in the 
amount of free magnetism at that pule. By adopting the 
unit of strength of magnet poles an defined in Art. 141, 
we can express the strength of any pule in numbers an ho 
many “ unitH” of strength. 

114. Lifting Power.. Tin* lifting power of n magnet 
(also called its jmrtttthr Jhnr) depends both upon the 
form of the magnet ami on its magnetic strength, A 
horse-Hhoe magnet will lift a load three or four times hr 
great an a bar magnet of the name weight will lift. A 
long bar magnet, will lift more than a short bar magnet 
of equal strength. A bar magnet with a rounded or 
chamfered end will lift more than a similar bar with a 
flat or expanded end, though both may be equally 
strongly magnetized. Also the lifting power of a mag¬ 
net grown in a very curious ami unexplained way by 
gradually increasing tins load on ita armature day by 
day until it hears a load which at the outset it could not 
have done. Nevertheless, if tlm load m ho increased that 
the armature in torn off, the power of the magnet falln 
at once to its original value. The nttriiction between a 
powerful electromagnet and it* armature may amount to 
200 11m. per square inch, or 14,000 grammes per square 
centimetre (see Art, 384). Hmall magnets lift a greater 
load in proportion to their own weight than large ones,* 

* Bernoulli gave the foUowitw rule for Hutting th« lifting povw j> of a 
magma wliowo weight wsw *e : 



because. the lifting power is proportional to the polar 
surface, other things being equal. Steel magnets seldom 
attain a tractive force as great ns 40 lbs. per square inch 
of polar surface. A good steel horse. - shoe magnet 
weighing itself 1 lb. ought to lift 25 lbs. weight. Sir 
Isaac Newton is said to have possessed a little lodestone 
mounted in a signet ring which would lift a pie.ee of iron 
200 times its own weight. 


Lesson X .—Distribution of Magnetism 

115. Magnetic Field.— The, spare allround a. magnet 
pervaded by the magnetic farces is termed* the u field ” of that 
magnet. It is most intense, near the. poles of the. magnet, 
and is weaker anti weaker at. greater di stun res away. At 
every point in a magnetic, field the force, has a particular 
strength, and acts in a particular direction. It is pos¬ 
sible at any point in a magnetic, field to draw a line in 
the direction of the resultant magnetic force acting at that 
point. The whole field may in this way be mapped out 
with magnetic lines (Art. 119). For a horse-shoe magnet 
the held is most intense between the two poles, and the 
lines of magnetic force are curves which pass from 
one pole to the other across the field. A practical way 
of investigating the distribution of the magnetic lines 
in a field is given in Art. 119, under the title £< Mag¬ 
netic Figures.” When the armature is placed upon the 
poles of a horse-shoe magnet, the force of the magnet on 
all the external regions is weakened, for the induction 
now goes on through the iron of the keeper, not through 
the surrounding space. In fuet a (dosed system of magnets 
—such as that made by placing four bar magnets along 
the sides of a square, the N pole of one touching the S 


pole of the next—has no external field of force. A ring 
of steel may thus be magnetized so as to have neither 
external field nor poles; or rather any point in it may 
be regarded as a N pole and a S pole, so close together 
that they neutralize one another’s forces. 

That poles of opposite name do neutralize one another 
may be shown by the well-known experiment of hanging 
a small object—a steel ring or a key—to the N pole of 
a bar magnet. If now the S pole of another bar magnet 
be made to touch the first the two poles will neutralize 
each other’s actions, and the ring or key will drop down. 

116. Breaking* a Magnet.—We have already stated 
that when a magnet is broken into two or more parts, 
each is a complete magnet, possessing poles, and each is 
nearly as strongly magnetized as the original magnet. 



Fig. 65. 


Fig. 65 shows this. If the broken parts he closely joined 
these adjacent poles neutralize one another and disappear, 
leaving only the poles at the ends as before. If a magnet 
be ground to powder each fragment will still act as a 


N_s'N'_S 












K1 

WJM 

■E3 





















3 

m 

3 

m 

m 

m 

BH 

m 

PBM 

m 

m 

m 

m 

m\ 



EH 

m 

EH 

m 

EM 

m 

EH! 

m 

EH 

m 

EH 

ME 

EH 

M®\ 


N S'N' S 


Fig. 66. 


little magnet and exhibit polarity. A magnet may there¬ 
fore he regarded as composed of many little magnets 
put together, so that their like poles all face one way. 

SupIi an a.mno'pmAnf id inrli^af#*^ in TPicr frnm ■nrTvi^'h 





any part, one face of the fracture will present mil 
poles, tliu other only H poles. This would he true 
matter how small tin 1 individual pnrtieles. 

117. Normal Distribution,— In an ordinary 
magnet the poles are not. <[uite at the ends of the, 
hut a little way from it ; and if ran he shown that ’ 
is a result of the way in which the surface magnet im; 
distributed in the bar. A very long, thin, unilbn 
magnetized bar has its poles at the ends ; hut in ordin 
thick magnets tin*. “ pole ” occupies a considerable regi 
the “ free magnetism” falling off gradually from 
ends of the bar. In eaeli region, however, a point i 
he generally determined at wliieh the resultant nmgm; 
forces act, and which may for most purposes he ennsidei 
as the “ pole.” In eertain eases of irregular magneti 
tion it is possible to have out' or more poles betwc 
those at the ends, Such poles are railed vaumpu'nt p( 
(see Fig. 70). 

118 . Lamellar Distribution of Magruotiei 
Magnetic Shells. —Up to this point the ordimi 
distribution of magnetism along a bar has been the or, 
distribution considered. It is theoretically possible 
have magnetism distributed over a thin sheet so that t 
whole of one fact* of the sheet shall have one kind 
magnetism, and the other face the other kind of nuigm 
ism; such distribution is, however, unstable. If \ 
immense number of little magnets were placed togeth 
aide by side, like the cells in a honeycomb, all with tin; 
N-seeking ends upwards, and S-seeking ends downward 
the whole of one fare of the slab would be one huge t! 
N-seeking pole, and the oilier face. H seeking. Such 
distribution as this over a surface or sheet is termed 
lamellar distribution, to distinguish it from tin* ordhm 
distribution along a line or bar, which is termed, f 
distinction, the solenoidal, or circuital, distribute 
A lame.llarly magnetized magnet is sometimes spoken 


119. Magnetic Figures.—Gilbert showed* that if a 
sheet of paper or card be placed over a magnet, and iron 
filings are dusted over the paper, they settle down in 
curving lines, forming a magnetic figure , the general form 
of which for a bar magnet is shown in Fig. 67. The 
filings should be fine, and sifted through a bit of muslin ; 
to facilitate their settling in the lines, the sheet of paper 
should be lightly tapped. The figures thus obtained can 
be fixed permanently by several processes. The best of 
these consists in employing a sheet of glass which has 



been previously gummed and dried, instead of the sheet 
of paper; after this has been placed above the magnet 
the filings are sifted evenly over the surface, and then 
the glass is tapped ; then a jet of steam is caused to play 
gently above the sheet, softening the surface of the gum, 
which, as it hardens, fixes the filings in their places. In¬ 
spection of the figure will show that the lines diverge 
nearly radially from each pole, and curve round to meet 
these from the opposite pole. Fig, 68, produced from, a 
horse-shoe magnet, shows how the magnetic field is most 






intense between the poles, but spreads beyond them in 
wide curves. Faraday, who made a great use of this 

. method of investigating 

the distribution of mag- 
^gl\ Holism in various u fuddH,” 
gave to the lines the name 
of lines of force, They 
represent, as shown by the 
action on little magnetic 
particles which set them¬ 
selves thus in obedience to 
the attractions and repul¬ 
sions in the fie hi, the re¬ 
sultant direction of the 
forces at every point ; for 
each particle tends to as¬ 
sume the direction of the 
force jointly due to the 
F,g ’ 08, simultaneous action of 

both poles j hence the curves of tilings may be taken 
to represent visibly the in- 
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visible lines of magnetic 
force.* Faraday pointed out 
that these “ lines of force ” 
map out the magnetic field, 
showing by their position the 
direction of the magnetic 
force, and by their number 
its intensity. If a small N- 
seekingpole could be obtained 
alone, and put down on any 
one of these lines of force, it 
would tend to move along 

that line from N to S; a single S-seeking pole would 
* Or rather the component part of the magnetic force renolvml Into the 










tend to move along the line in an opposite direction. In 
Pig. 69, which is the field about one end of a bar magnet, 
the magnetic lines are simply radial. Faraday also pointed 
out that the actions of attraction or repulsion, in the 
field are always related to the directions in the field of 
the magnetic lines. He assigned to these lines of force 
certain physical properties (which are, however, only true 
of them in a secondary sense), viz. that they tend to 
shorten themselves from end to end, and that they repel 
one another as they lie side by side. The modern way 
of stating the matter is, that in every magnetic field 
there are certain stresses, consisting of a tension along 
the lines of force, and a pressure across them. 

120. Consequent Poles.—The method of sprinkling 
filings may be applied to ascertain the presence of con¬ 
sequent poles in a bar of steel, the figure obtained re- 
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sembling that depicted in Fig, 70. Such a state of things 
is produced when a strip of very hard steel is purposely 
irregularly magnetized by touching it with strong magnets 
at certain points. A strip thus magnetized virtually 
consists of several magnets put end to end, hut in reverse 
directions, NS, SN, etc. Consequent poles can also 
be produced in an electromagnet by reversing the direc¬ 
tion in which the wire is coiled around part of the core. 

1221. Fields mapped by Filings.—The forces 










producing attraction "between unlike poles, and repulsion 
"between like poles, are beautifully illustrated by the 
magnetic figures obtained in the fields between the poles 
in the two cases, as given in Tigs. 71 and 72. In Fig. 71 
the poles are of opposite kinds, and the lines of force 
curve across out of one pole into the other; while in 



Fig. 71. Fig. 72. 


Fig. 72, which represents the action of two similar poles, 
the lines of force curve away as if repelling one another, 
and turn aside at right angles. 

122. Magnetic Writing.—Another kind of mag¬ 
netic figures was discovered by De Haldat, who wrote 
with the pole of a magnet upon a thin steel plate (such, 
as a saw-blade), and then sprinkled filings over it. The 
writing, which is quite invisible in itself, comes out in 
the lines of filings that stick to the magnetized parts ; 
this magic writing will continue in a steel plate many 
months. 

123. Surface Magnetization.—In many cases the 
magnetism imparted to magnets is confined chiefly to 
the outer layers of steel. If a short bar magnet be put 
into acid so that the outer layers are dissolved away, it 
is found that it has lost its magnetism when only a thin 
film has been thus removed. A short hollow steel tube 
when magnetized is nearly as strong a magnet as a solid 
rod of the same size. Long thin magnets, and those that 
are curved so as nearly to form a closed circuit, can be 
much more thoroughly magnetized. If a bundle of steel 
■plates a e rn&PTifit'izfd wT'iilf* 'Inminrl ■f-norci+TwaT' i . win "h#* 









found that only llui outer hiich are ntrongly magnetized. 
The inner ones may even exhibit a reversed mngneti/nt hm, 

124. Mechanical Effect** of Magmitlimtltm, 
Joule found an iron bur to increase by « a0 ‘ 0(l0 of itu 
length when strongly magnetized, Hit!well found that 
with still Htronger magnetizing haven iron eoutraelH again ; 
and rods stretched by a weight contract inure when 
magnetized than nust retched rods do. Barrett uliHcrvrd 
that niekel hIiovvh a alight cunt motion when magnetized. 
These are proofs that magnetization in an notion hH ooting 
the arrangement. of the molecules, This supposition in 
eonlimod by the observation of Page, that n( tin* moment 
wlum a bar in magnetized or demagnetized, u faint metal He 
clink in heard in the bar. Hir \\\ drove showed that 
when a tube ouutaining water rendered muddy by at bring 
up in it finely “divided magnetie oxide of mm w sm 
magnetized, the b’tptid became dearer in the dirertion of 
magnetization, the particles apparently dotting thettndve# 
end-on, and allowing more light it* f«ps between them, 
A twisted iron wire tends to untwist itwdf when magnetized, 
A piece of iron, when powerfully magnetised and do 
magnetized in rapid aueecHidon, grown hot, iw if nmgneti/a 
lion were aeeompnnied by internal frietion. 

125. Action of Ma^ncttein on Light. Faraday 
discovered that a ray of polarized light pitting through 
certain substances in n powerful magnetic ib id him the 
direction of ifn vibrations changed. Thin phenomenon, 
which in HoimdimoH called u The Magnetization of Light,*' 
is better described tm “The notation of the Fhum *»f 
Polarization of bight by Magnetum!, 81 Tin? amount uf 
rotation diilem in different turn! at, and varies with tin? 
magnetizing force. More recently Kerr Imp iliuwn tlmt 
a ray of polarized light in nl*t> rotated by reflexion at the 
end or aide of a powerful magnet, Further tiientnn* j« 
made of these disco veriei* in fbo chant st* on trb.top*. 


phenomena point to a theory of magnetism very <liilercnt 
from the old notion of fluids. It appears that every 
particle of a magnet is itself a magnet, and tlmt the 
magnet only becomes a magnet as a whole by the particles 
being so turned as to point one way. The act of mag¬ 
netizing consists in turning the molecules more or less 
into one particular direction. This conclusion is supported 
by the observation that if a 
glass tube full of iron filings 
is magnetized, the filings can 
be seen to set themselves 
Fig. 73 . endways, and that, whim thus 

once set, they act as a magnet 
until shaken tip. It appears to be harder to turn 
the individual molecules of solid steel than those of 
soft iron; but, when once so set, they remain end-on 
unless violently struck or heated. As Weber, who pro¬ 
pounded this notion of molecular magnetism, pointed out, 
it follows from this theory that when all the particles 
are turned end-on the limits of possible magnetization 
would have been 

attained. Some \ \ \ \ \ / / / / / 



careful experi¬ 
ments of Beetz 
on iron deposited 
by electrolysis 
entirely confirm 
this conclusion, 
and add weight 



Fig. 74. 


to the theory. Fig. 73 may be taken to represent a non- 


magnetized piece of iron or steel in which the arrangement 


of the particles is absolutely miscellaneous: they do not 


point in any one direction more than another. When 


magnetized slightly, there will be a greater percentage 
pointing in the direction of the magnetizing force. When 

fnllrr rv>o rrr>e»+i r,r>A i-P +1,^4. ___j 1 __ ..... 1 n 





In very few ciuicr, v<*i% U I ho magnet t/ntiou 

uniform throughout (hr whole length «»f n hnr: the 
particle arc more fully completely turned into line m 
the middle, part, of the bar thim at the ends, 

If the intrinsic magnetization of the steel at every part 
of a magnet were equal* the free poles vvouiil he found 
only at. the end inirfheeu ; hut the fact that the five 
magnetism in not at the ends merely hut diminishes from 
the endn towards the middle, show h that tlie intensify of 
the intrinsic, magnetization must he 1«^m towards and at 
the endn than it w at the middle of the hnr. In Kig, 74 
an attempt, in made to dejdrt thin. It will ho noticed 
that the magnetie. linen run through the steel and emerge 
into the air in curves, Home of the hues do not run alt 
the length of the hur hut leak out at tin? Hides, If the 
bar were uniformly magnetized the lines would emerge 
at the endn only. It in elear that the middle piece m 
more thoroughly magnetized than any other |*urt, 
Magnetism in fart rottMMU of a sort of gtam or struetutv 
conferred upon the ateeh Wherever this structure comes 
up at a surface, there the surface properties of magnetism 
are found. A pole is elm ply n region when* tlw magnetite 
lines pass through the surface of the steel or iron. 

The, optical phenomena led Clerk Maxwell to the 
further eonelunion that these longitiidiniilly set moleeiilei 
are rotating round their long axes, and that in the •* ether ** 
of space there is also a \ortieiil motion uh»itg the lines of 
magnetic, induction ; this motion, if omirring m a j^rfrei 
medium (ns the “ ether M may \m eon»ideredi> pr<»d tiring 
tensions along the linen of the magnetic tiehhiiml prc#mtf» 
at right angles to them, would afford n satisfactory 
planation of the magnetie attractions and repulsions which 
apparently act ac nm empty spitee* 

Hughes, Barm*, and others have hi tidy shown that the 


“ magnetic balance ” (Art. 140) tended to prove* that cadi 
molecule of a magnetic metal lmn an absolutely constant 
inherent magnetic polarity ; ami that when a piece of 
iron or steel in apparently neutral, its molecules arc 
internally arranged ho hh to satisfy each other's polarity, 
forming closed magnetic circuits amongst themselves. 

127. Ewing’s Theory of Molecular Magnet¬ 
ism.—-Weber supposed that then* was in hard steel some, 
sort of friction which prevented the molecules when once 
magnetwed from turning back into higgledy-piggledy 
positions. Ewing, however, showed that a complete, 
explanation was afforded by supposing the particles to he. 
subject to mutual forces. In any group not subjected to 
an external magnetizing force, the particles will arrange 
themselves so as to satisfy one another’s polarity. Of the 
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possible groupings some are, however, unstable. Four 
possible stable groupings of six pivoted needles are shown 
in Fig. 75. Ewing constructed a mantel consisting of a 
large number of pivoted magnetic needles arranged in 
one layer. When these needles were simply agitated ami 
allowed to come to rest they sett ted down in miscellaneous 
groups ; but when acted upon by a gradually increasing 
magnetic force they turned round, the operation showing 
three stages—(i.) with very small magnetizing force the 
needles merely turned through a small angle ; (ii.) when 
a certain force was applied the grouping*! became unstable. 




point nearly Imi not quite along the direction of the force ; 
(iii.) a further increase, of the magnetizing force cannot 
produce much more effect ; it can only pull the needle* 
a little more perfectly into line. All these tiling cerre* 
spoiul to the three stages observed (see Art. JHI4) in the 
gradual magnetization of iron or steel. 


LkhhON XI. • Law# of Magnet ie bWee 

128. Laws of Magnetic Force. 

First Law.- Like magnetic poles repel one 

(tnutluer; un like magnetic pole# attract om 
(mother. 

Second Law.- The force everted hrtwren tin* 
magnetic poles In proportiunal tn the product 
of their strengths, and is in ret selg progur 
tioual to the square of the dint utter hrtwmi 
them i, provided that the distance it m great that 
the poles map he regarded as we/e paints. 

129. The Law of Inverse Squares. The second 
of the above laws is eomnumly known us the law of 
inverse squares; it 
is essentially a law 
of point - action, 
and is not true for 
poles of elongated 
or extended sur- fl j, ‘ftfjL '/> 
face. The similar 
law of electrical 
attraction has al¬ 
ready been explained and illuwtrated (Art, IP). Thin hw 
furnishes the explanation of a fact mentioned In an earlier 
lesson, Art. 91, that small pieces of Iron urn drawn Kiddy 



A of a magnet be brought near it, the iron is thereby 
inductively magnetized; it turns round and points 
towards the magnet pole, setting itself as nearly as possible 
along a line of force, its near end b becoming a S-seeking 
pole, and its farther end a becoming a N-seeking pole. 
Now the pole b will be attracted and the pole a will be 
repelled. But these two forces do not exactly equal one 
another, since the distances are unequal. The repulsion 
will (by the law of inverse squares) be proportional to 


and the attraction will be proportional to 


Hence the bit of iron a, b will experience a pair of forces, 
turning it into a certain direction, and also a total force 
drawing it bodily toward A. Only those bodies are 
attracted by magnets in which magnetism can thus be 
induced; and they are attracted only because of the 
magnetism induced in them. 


We mentioned, Art. 91, that a magnet needle floating 
freely on a bit of cork on the surface of a liquid is acted 
upon by forces that give it a certain direction, but that, 
unlike the last case, it does not tend to rush as a whole 
either to the north or to the south. It experiences a 
rotation, because the attraction and repulsion of the 
magnetic poles of the earth act in a certain direction; 
but since the magnetic poles of the earth are at a distance 
enormously great as compared with the length from one 
pole of the floating magnet to the other, we may say that, 
for all practical purposes, the poles of the magnet are at 
the same distance from the N pole of the earth. The 
attracting force on the N-pointing pole of the needle is 
therefore practically no greater than the repelling force 
acting on the S-pointing pole, hence there is no motion 
of translation given to the floating needle as a whole : it 
is directed , not attracted. 

130. Measurement of Magnetic Forces. —The 

truth of the law of inverse squares can be demonstrated 




means of measuring accurately tlie amount of tlie magnetic 
forces of attraction or repulsion. Magnetic force may be 
measured in any one of the four following ways : (1) by 
observing the time of swing of a magnetic needle oscillating 
under the influence of the force; (2) by observing the 
deflexion it produces upon a magnetic needle which is 
already attracted into a different direction by a force of 
known intensity ; (3) by balancing it against the torsion 
of an elastic thread ; (4) by balancing it against the force 
of gravity as brought into play in attempting to deflect a 
magnet hung by two parallel strings (called the bifilar 
suspension), for these strings cannot be twisted out of their 
parallel position without raising the centre of gravity of 
the magnet. 

131. Deflexion Experiment.—Fig. ’7*7 shows an 
apparatus in which a compass-needle 
can be deflected by one pole of a 
magnet made of a long thin bar of 
steel, so mounted that its upper pole 
is always over the centre of the 
needle, and therefore has no tendency 
to turn it. So set, it acts as a one- 
pole magnet, the pole of which can 
be placed at different distances from 
the compass - needle. It is found, 
using a proper tangent-scale (see Art. 

211) for the compass-needle, that 
when the distance is doubled tlie deflecting force is 
reduced to one quarter, and so forth. 

132. Tlie Torsion Balance.—Coulomb applied the 
Torsion Balance to the measurement of magnetic forces. 
The main principles of this instrument (as used'to measure 
forces of electrostatic repulsion) were described on p. 20. 
Fig. 78 shows how it is arranged for measuring magnetic 
repulsions. 

To rove the law of inverse squares Coulomb made the 


.s 






so that a magnetic needle, hung in a copper stirrup to the 
line silver thread, lay in the magnetic meridian without 
the wire being twisted. This was done by first putting 
in the magnet and adjusting roughly, then replacing it by 
a copper bar of equal weight, and once more adjusting, 
thus diminishing the error by repeated trials. The nex 
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step was to ascertain through what number of degrees the 
torsion-head at the top of the thread must be twisted in 
order to drag the needle 1° out of the magnetic meridian. 
In the particular experiment cited it was found that 35° 
of torsion corresponded to the 1° of deviation of tlie 
magnet; then a magnet was introduced through the lid, 














suspended needle. It wan found (in this particular ex* 
periinent) to repel the pole of the needle through 2-1". 
From the preliminary trial we know that thin directive 
force corresponds to 24“ x 35" of the torsion-head* and to 
this we must add the. actual torsion on the wire, viz. the 
24°, making a total of 8(>4", which we will eall the 
“ torsion equivalent ” of the repelling three when the poles 
arc thus 24" apart. Finally, the torsi on-head was turned 
round so as to twist the suspended magnet round, and 
force it; nearer to the fixed pole, until the distance between 
the repelling poles wan reduced to half what it was at 
iirst. It was found that the torsion-head had to he turned 
round 8 complete rotations to bring the poles to 12” apart. 
These 8 rotations wore an actual twist of 8“ x 3(10", oi 
2880°. But the bottom of the torsion thread was still 
twisted 12" as compared with tin* top, the force producing 
this twist corresponding to 12 x lib (or 420 ") of torsion ; 
and to these! the actual torsion of 12" must he added, 
making a total of 2880" .f 420 ” 4» 12 " 3312 , The 

result then of halving the distance between the magnet 
poles was to increase the force fourfold, for 3312 in very 
nearly four times 804. Had the distance between the 
poles been reduced to oue4hird the force would have been 
nine times an great. 

We may also, assuming this law proved, employ the 
balance to measure the st rengtlm of magnet pules by 
measuring the. forces they exert at known distances. 

133. Method of Oeolllatfcmti.* If a magnet ww- 
pended by a fine thread, or poised upon a point, he pushed 
aside from its position of rent, it will vibrato backwards 
and forwards, performing oscillations which, although they 
gradually decrease in amplitude, are executed in wry 

* It Ih ]hihkU>1m, uIhu, to iiimmm* rlnisim! fumm Ity a u jiitUtiod of om* Il¬ 
lations " ; a small charged UUl nt Uik uml of a hoHjemtalty 
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nearly equal tinier. Iu fact, they i*»U<*\v a law similar in 
that of the oscillations executed }«\ a pendulum swinging 
under the influence oi grnvit \. The law t*f pendular 
vibrations is, that the w/uiifv t<J ike number of iwuliutiuitH 
executed in <t (jin n time k ptit$n>riitmni to the force, lienee 
we ean measure magnetie forces b\ cuunt ing the esei!in¬ 
terns made, in a minute by a magnet. It must he 
remembered, however, that t he art uni number of oseilla- 
turns made by any given magnet will depend on the 
weight of the magnet and on it* leverage around its 
centre, as well as upon the strength of its poles, and on 
the intensity of the held in which it may he plaeed (see 
calculations, Art. «T>1). 

We can use this method t»» compare the intensity of 
the force of the earth's magnetism * at any place with that 
at any other place on the earth’s Mirfuce, by oscillating a 
magnet at one place and then faking it to the other place 
and oscillating it there. If, at the first, it makes a 
oscillations in one minute, and at the second h omdltafiuUH 
a minute, then the magnetic forces at the two places will 
be to one another in the rath* of <r ! t<» In 

Again, we may use the method to compare the force 
exerted at any point by a magnet near it with the force 
of the earth’s magnetism at that point. For, if we swing 
a small magnetic, needle there, and find that it makes m 
oscillations a minute under the joint action 1 of the eiulhV 
magnetism, and that of the neighbouring magnet, and 
that, when the magnet m removed, it makes a oscillations 
a minute under the influence of the earths magnetism 
alone, then m 1 will be proportioiinl to the joint forces, n~ 
to the force due to the earth’s magnetism, and the difference 
of these, or vm - ?r will he* projKirtioiml to lliu force due 
to the neighbouring magnet. 


134. Surface Distribution.—We will now apply 
the method of oscillations to measure the relative quantities 
of surface magnetism at different points along a bar 
magnet. The magnet to be examined is set up vertically 
(Tig. 79). A. small magnet, capable of swinging hori¬ 
zontally, is brought near it and set at a short distance 
away from its extremity, and then oscillated, while the 
rate of its oscillations is counted. Suppose 
the needle were such that, when exposed 
to the earths magnetism alone, it would 
perform 3 complete oscillations a minute, 
and that, when vibrating at its place near 
the end of the vertical magnet it oscillated 
14 times a minute, then the force due 
to the magnet will be proportional to 
14 2 - 3 2 = 196 - 9 = 187. Nextly, let 
the oscillating magnet be brought to an 
equal distance opposite a point a little 
away from the end of the vertical magnet. 

If, here, it oscillated 12 times a minute, 
we know that the force will be propor¬ 
tional to 12 2 - 3 2 = 144 - 9 = 135. So 
we shall find that as the force falls off the oscillations 
will he fewer, until, when we put the oscillating magnet 
opposite the middle of the vertical magnet, we shall find 
that the number of oscillations is 3 per minute, or that 
the earth’s force is the only force affecting the oscillations. 
In Fig. 80 we have indicated the number of oscillations 
at successive points, as 14, 12, 10, 8, 6, 5, 4, and 3. 
If we square these numbers and subtract 9 from each, 
we shall get for the forces at the various points the 
following:—-187, 135, 91, 55, 27, 16, 7, and 0. These 
forces may he taken to represent the strength of the free 
magnetism at the various points, and it is convenient to 
plot them out graphically in the manner shown in Fig. 80, 
where the heights of the dotted lines are chosen lo a scale 
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joins the tops of these ordinates shown graphically how 
the force, which is greatest at the end, falls oil* toward tin* 
middle. On a distant magnet pole these forces, thus 
represented by this curvilinear triangle, would net as it 
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Fig. so. 

concentrated at a point in the magnet opposite the “centre 
of gravity’ 7 of this triangle; or, in other words, the 11 pole, 11 
which is the centre of the resultant forces, is not at the 
end of the magnet. In thin bars of magnetized steel it is 
at about of the magnet’s length from the end. 

135. Magnetic Moment.— It is found that the 
tendency of a magnet to turn or to bo, turned by another 
magnet depends not only on the .stmngthmot its polos, but the 
length l between them. The product of these two quant ities 
m x l is called the magnetic moment of the magnet, 
and is sometimes denoted by the symbol M, As the exact 
position of a magnet’s poles are often unknown, it is easier 
to determine M than to measure either m or / separately. 

136. Method of Deflexions .—There are a number 
of ways in which the deflexion of a magnet by another 
magnet may he made use of to measure magnetic forties.* 


* Thft stn riant, rlA«rirnns nf mnatArfrin* 
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We cannot here give more than a glance at first principles. 
When two equal and opposite forces act on the ends of a 
rigid bar they simply tend to turn it round. Such a pair 
of forces form what is called a “ couple,” and the torque , 
or tendency to turn (formerly called the cc moment ” of the 
couple), is obtained by multiplying one of the two forces 
by the perpendicular distance between the directions of 
the forces. Such a couple tends to produce a motion of 
rotation, but not a motion of translation. Now a mag¬ 
netic needle placed in a 
magnetic field across the 
lines of force experiences 
a torque, tending to rotate 
it round into the magnetic 
meridian, for the N-seek- 
ing pole is urged north¬ 
wards, and the S-seeking / 

pole is urged southwards, 
with an equal and opposite \ 
force. The force acting \ 

on each pole is the pro¬ 
duct of the strength of the 
pole and the intensity of 
the “ field,” that is to say, 
of the horizontal com¬ 
ponent of the force of the 
earth’s magnetism at' the 
place. We will call the 
strength of the N-seeking pole m ; and we will use the 
symbol H to represent the force which the earth’s 
magnetism would exert in a horizontal direction on 
a unit of magnetism. 1 " (The value of H is different 
at different regions of the globe.) The force on the 
pole A (see Tig. 81) will be then raxH, and that on 
pole B will be equal and opposite. AVe take NS as 
the direction of the magnetic meridian: the forces will 
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obliquely in the field, while the magnetic force acting < m 
A is in the. direction of the line PA, and that on B in 
the direction QH, m shown hy the arrow*, pq \ H |,], u 
perpendicular distance between these force* ; hence tin* 
“ moment ” of the, couple, or torque, will he got hy 
multiplying the. length Vi) by the force exerted on one, 
of the poles. Using the symbol \ tor the torque, we may 
write 

V Pq * m ’ H, 

But PQ is equal to the length of the magnet multiplied 
hy the nine.* of the angle AOR, which in tlie angle of 
deflexion, and which we will call «1 Hence, using / for 
the length between the pole* of the magnet, we, may 
write the expression for the moment of the couple. 

Y mill * ni u A 

In words this is : the torque acting on the needle in 
proportional to its a magnetic moment ,f (m x I), to the 
horizontal force of the earth’** magnetism, and to the sine 

of the angle, of deflexion. 

The reader will not have failed hi notice that if the 
needle were turned more obliquely, tin* distance PQ 
would be longer, and would las greatest if the ntiwlle were 
turned round east-and-west, or in the direction KW. 
Also the torque tending to rotate the magnet will be less 
and less as the needle is turned more nearly into the 
direction NS. 

13*7. Law of T&ngonts.™ let us suppose that 
the deflexion B were produced by a magnetic force applied at 
right angles to the magnetic meridian, and tending to draw 
the pole A in the direction RA. The length of the line RT 
multiplied hy the new force will Iw the leverage of the 
new couple tending to twist the magnet Into the direction 



EW. Now, if the needle has come to rest in equilibrium 
between these two forces, it is clear that the two opposing 
twists are just equal and opposite in power, or that the 
torque due to one couple is equal to that of the other 
couple. Hence the force in the direction WE will he to 
the force in the direction SN in the same ratio as PQ is 
to RT, or as PO is to RO. 

Or, calling this force /, 

/:H = PO :RO. 

But PO = AR and-—- = tan 8, hence 
/= H tan S ; 

or, in other words, the magnetic force which , acting at right 
angles to the meridian, produces on a magnetic needle the 
deflexion S, is equal to the horizontal force of the earth’s 
magnetism at that point , multiplied by the tangent of the 
angle of deflexion. Hence, also, 
two different magnetic forces act¬ 
ing at right angles to the meridian 
would severally deflect the needle 
through angles whose tangents are 
proportional to the forces. 

This very important theorem 
is applied in the construction of 
certain galvanometers (see Art. 

212 ). 

138. Magnetometers. — 

The name Magnetometer is 
given to any magnet specially 
arranged as an instrument for the 
purpose of measuring magnetic 
forces. The methods of observ¬ 
ing the absolute values of magnetic forces in dyne-units 
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But we have, seen above that where magnetic fur«v in 
measured by a deflexion $ at a }dm** whore the II m 
earth’s horizontal magnolia force, / is equal to II tan d ; 
so that 
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whence 
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Second Position: fh'nmhhtc on.* . The platform being 

turned into the north-south poHitioti, flu* deflecting 
magnet is set (muufsidr-on, In thin 
case the magnet defloe in the needle in 
the other direction and with half the 
force that it would have exerted nt nn 
equal distance in the ombnn pout!ion, 

But the force still varies vrvmwhj m 
the cube of the distance ; the formula 
being now 

/ M/r\ 

whence 

M^rdl tan K 


139 . Balance Methods, — -In 
either position of the magnetometer 
platform two magnets twin \m placed on 
the two sides of the hoard m an to 
balance one another 1 ** efh*rt« by adjust 
ing them to proper disbinren, 'Hi in 
gives a compnmm of their magnetie 
moments in terms of Ihtsir mpeefive 
distances, or 
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140. Hughes’s Magnetic 
Balance,—A very wmveniimt iin»tmim<rit for 1 1>. 



is placed in a magnetizing roil A (Mg. 80), and a current 
is sent round it. It deflects a lightly-Hunpended indie,tiling 
needle B, which is then brought, to zero by turning a 
large compensating magnet M upon its centre. A small 
coil C is added to balance the direct deflecting effect due 



to coil A. The author of this hook hiw shown that if the 
distance from M to B is 2*3 times the length of M, the 
angle through which M is turned in proportional to the 
magnetic force due to the iron cow at A, provided the 
angle is less than 60°. 

141, Unit Strength of Pol©.— The Heeond Law of 
Magnetic Force (see Art 128) stated that the force exerted 
between two poles was proportional to the product of 
their strengths, and was inversely proportional to the 
square of the distance between them. It w possible to 
cho )se such a strength of pole that thin proportionality 
shall become numerically an equality. In order that thin 
may be so, we must adopt the following an our unit of 
strength of a pole, or unit magnetic pole : A Unit May* 
netic Pole is one of such a strength thui % whm pin ml at a 
distance of one centimetre from a similar pole of equal 
strength it repels it with a form of mm dam (mm Art, 3 A 2). 
If we adopt this definition we mtiy ex prow the second 
law of magnetic force in the following tarnation ^ 


where/ is the force (in dynes), m and m f the strengths of 
the two poles, and d the diHtanee. between them (in centi¬ 
metres). From this definition i« derived tin* arbitrary 
convention about magnetic lines. If at any place in a 
magnetic field we imagine a unit magnetic polo to ho set 
it will bo acted upon, tending to move along the lines of 
the field. Then if at that, place we find the force on the 
pole to be II. dynes, we may conceive that there are II 
lines drawn per square centimetre. For example, if we 
describe the held as having 50 lines side by side per 
square centimetre, wo mean that a unit pole placed there 
will 1)0 acted on with a force of 50 dynes. This subject, 
is resumed in Lesson XX,VL, Art. 338, on the Theory of 
Magnetic Potential. 

142. Theory of Magnetic Curves.— We saw (Art, 
119) that magnetic figures are produced by iron tilings 
setting themselves in certain directions in the held of 
force around a magnet. We can now apply the law of 
inverse squares to aid us in determining the direction 
in which a filing will set itself at any point in the field. 
Let NS (Fig. 87) be a long thin magnet, and P any 
point in the field due to its magnetism. If Use N- 
seeking pole of a small magnet he put at P, it will bo 
attracted by S and repelled by N ; the directions of these 
two forces will he along the lines PH ami PN, The 
amounts of the forc.es may he represented by certain 
lengths marked out along these lines. Suppose the dis¬ 
tance PN iH twice as great as PS, the repelling force along 
PN will he l m strong m the attracting force along PH. 
So measure a distance out, PA towards H four times an 
long aa the length PH measured along PN away front 
N. Find the resultant force in tin* usual way of com¬ 
pounding mechanical forces, by completing the jmral!dia¬ 
gram PARB ; the diagonal Pit represents by Its length 
and direction the magnitude ami the direction of the 



iron filing would set itself. In a similar way we migli 
ascertain the direction of the lines of force at any point o 
the field. The little arrows in Fig. 87 show how tin 
lines of force start out from the N pole and curve roiuu 
to meet in the S pole. The student should compare thii 
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figure with the lines of filings of Fig. 67. Henceforth wc 
must think of every magnet as being permeated by these 
magnetic lines which extend out into the surrounding 
space. The whole number of magnetic lines which run 
through a magnet is termed its 'magnetic flux (Art. 887). 

143. A Magnetic Paradox. —If the N-seekirf, 
pole of a strong magnet be held at some distance frmr 
the N-seeking pole of a weak magnet, it will repel it 
but if it is pushed up quite close it will be found now tc 
attract it. This paradoxical experiment in explained 
by the fact that the magnetism induced in tlm weak 
magnet by the powerful one will be of the opposite kind, 
and will be attracted ; and, when the powerful magnet is 




student must be cautioned that in most of the experi¬ 
ments on magnet poles similar perturbing causes are at 
work. The magnetism in a magnet is not quite fixed , 
but is liable to be disturbed in its distribution by the 
near presence of other magnet poles, for no steel is so 
hard as not to be temporarily affected by magnetic 
induction. 


Note on Wats op Reckoning Angles and 
Solid Angles 

144. Reckoning in Degrees.—When two straight lines cross 
one another they form, an angle between them; and this angle 
may be defined as the amount of rotation which one of the lines 
has performed round a fixed point in the 
other line. Thus we may suppose the 
line CP in Fig. 88 to have originally lain 
along CO, and then turned round to its 
present position. The amount by which 
it has been rotated is clearly a certain 
fraction of the whole way round; and 
the amount of rotation round C we call 
“ the angle which PC makes with OC,” 
or more simply “the angle PCO.” But 
there are a number of different ways of 
reckoning tins angle. The common way 
is to reckon the angle by “degrees ” of 
arc. Thus, suppose a circle to he drawn round C, if the circum¬ 
ference of the circle were divided into 360 parts each part 
would be called “ one degree ” (1°), and the angle would be 
reckoned by naming the number of such degrees along the curved 
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arc OP. In the figure the arc is about 57J°, or 3 gQ °f the whole 

way round, no matter what size the circle is drawn. 

145. Reckoning in Radians.—A more sensible but less 
usual way to express an angle is to reckon it by the ratio between 
the length of the curved arc that “ subtends ” the angle and the 
length of the radius of the circle. Suppose we have drawn round 
the centre C a circle whose radius is one centimetre, the diameter 
will bp. torn ppntimp/fvms. The length of the cir umfer nee all 




that, for convenience, we always two for ii the Creek Inter v, 
Uonoo the length of the circumference of our circle, whoso radius 
is one centimetre, will he (I*28111K , , , centimetres, <»r ^ renti- 
metros. We can then reckon any angle hy naming the length of 
arc that subtends it on n eirele one eentimetre in radius, If Wu 
choose the angle PCO, sueh that the curved mv Op shall he just 
one centimetre long, this will he the angle one, or unit of angular 
measure, or, as it is sometimes called, the angle PCO will he one 

u radian” In degree-measure om* radian “ fI7" 17' nearly. 

All the way round the circle will he *Jtt radians. A right angle 
will he ^ radians. 


146. Reckoning 1 by Sines or OgbIhoh. In trigonometry 
other ways of reckoning angles are used, m whieh, however, the 
angles themselves are not reckoned, hut 
jy certain u fuuet ions M of t hetn called ** Nines,” 

C X “ cosines," ** tangents, M He, For renders 

y' \ not accustomed to thi»se* we wilt briefly 

/Q \ explain the geometrical nature of these 
C in" to “ functions.Suppose we diaw (Fig, Hi!) 
J our circle ns before round centre C, and 

/' then drop down a pltimbdiue PM, on to the 

--line CO ; we wilt, instead of Hvkoning th« 

8y. angle hy the curved arc, reckon it hy th« 

length of the line PM, It ts clear that 
if the angle is small PM will he short ; hut as the angle opens 
out towards a right angle, PM will get longer and longer (Fig. 
90). The ratio between the length of this line and the radius 
of the circle is called the “ sine ** of (he 
angle , and if the radius is 1 the length of #0 p 

PM will ho the value of the sine. It can ^ 
never ho greater than 1, though it may / ’ \ w 

have all values between 1 ami -1. The / 
length of the lino CM will also depend upon L.„., 1 |!{ 0 

the amount of the angle. If the angle is H 

small CM will bo nearly as long as CO ; Fig, w. 

if the anglo open out to nearly a right angle 

CM will bo very short. The length of CM (when the radius is 1) 
is called the “cosine” of the angle* If the angle be called it, then 
wo may for shortness write these functions : 


PM 


147. Beckoning by Tangents.—Suppose we draw our circle 
as before (Fig. 91), but at the point 0 draw a straight line touching 
the circle, the tangent line at 0 ; let us 
also prolong CP until it meets the tangent 
line at T. Ve may measure the angle 
between OC and OP in terms of the length 
of the tangent OT as compared with the 
length of the radius. Since our radius is 
1, this ratio is numerically the length of ^ 

OT, and we may therefore call the length / 
of OT the “ tangent ” of the angle OOP. / 

It is clear that smaller angles will have ( 
smaller tangents, but that larger angles { 
may have very large tangents; in fact, \ 
the length of the tangent when PC was 
moved round to a right angle would be 
infinitely great. It can he shown that the 
ratio between the lengths of the sine and Fig. 91. 

of the cosine of the angle is the same as 

the ratio between the length of the tangent and that of the radius ; 
or the tangent of an angle is equal to its sine divided by its cosine. 
The formula for the tangent may he written : 



tan 6 — 
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148. Solid Angles.—When three or more surfaces intersect 
at a point they form a solid angle: there is a solid angle, for 

example, at the top of a 
p pyramid, or of a cone, and one 

at every corner of a diamond 
that has been cut. If a surface 
of any given shape he near a 
point, it is said to subtend a 
certain solid angle at that 
point, the solid angle being 
mapped out by drawing lines 
from all points of the edge of 
this surface to the point P (Fig. 
92). An irregular cone will 
Fig. 92. thus he generated whose solid 

angle is the solid angle sub¬ 
tended at P by the surface EF. To reckon this solid angle we 
adopt an expedient similar to that adopted when we wished 

+n rpr'lrnn n nlflriA jmolp in rnrlinma +Tia nninf. P wi-fh 



tho eouo ovvr an area MX: tho ;uvu thus i nt «m 1 nuunui 
the solid unple. If the sphere have th<* radius 1, its total nuria 
ih >l7r. Tho .solid ninth* subtended at tin* uentre by a heiu'isphe 
would bo ‘2 tt. It wdl bo soon that tin* tatio between the urea 
tho mirfnee HP ami tin* area of tho surfaee MN is tho ratio 1 >eiwe 
tho mpuuvs »>!' tho linos HP amt M P. Tho solid unydo subtend 
by a Mirfnee at a point (othor tiunjp* bom# equal) i n iuvem 
proporthnull to tho square of its dt .latu’o from tho point. This 
tho basis of tho law of iuvor.so squares, 

A table of radians, mhos, tangents, d<\, Is pi von at tho end 
this book uu Appendix A* 
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140 . Tho Marinodn CompunB. li was mention* 
in Art. H 7 that tin* oi mi pass sold by optieian.H oouhihIb 



























used for nautical observations, is shown. Here the card, 
divided out into the 32 “points of the compass,” is itself 
attached to the needle, and swings round with it so that 
the point marked 1ST on the card always points to the 
north. In the best modem ships’ compasses, such as 
those of Lord Kelvin, several magnetized needles are 
placed side by side, as it is found that the indications of 
such a compound needle are more reliable. The iron 
fittings of wooden vessels, and, in the case of iron vessels, 
the ships themselves, affect the compass, which has there¬ 
fore to be corrected by placing compensating masses of 
iron near it, or by fixing it high upon a mast. The 
error of the compass due to magnetism of the ship is 
known as the deviation. 

150. The Earth, a Magnet.—Gilbert made the great 
discovery that the compass-needle points north and south 
because the earth is itself also a great magnet. The 
magnetic poles of the earth are, however, not exactly at 
the geographical north and south poles. The magnetic 
north pole of the earth is more than 1000 miles away 
from the actual pole, being in lat. 70° 5' K, and long. 
96° 46' W. In 1831 it was found by Sir J. C. Ross to 
be situated in Boothia Felix, just within the Arctic Circle. 
The south magnetic pole of the earth has never been 
reached ; and by reason of irregularities in the distribu¬ 
tion of the magnetism there appear to be two south 
magnetic polar regions. 

151. Declination.—In consequence of this natural 
distribution the compass-needle does not at all points of 
the earth’s surface point truly north and south. Thus, in 
1894, the compass-needle at London pointed at an angle 
of about 17° west of the true north; in 1900 it will be 
16° 16'. This angle between the magnetic meridiem * and 

* The Magnetic Meridian of any place is an imaginary plane drawn 
through the zenith, and passing through the magnetic north point and 
magnetic south point of the horizon, as observed at that place by the 





•angle of *71° 50'. A simple form of Dipping-needle is 
shown in Dig. 04. The dip-circles used in tlie magnetic 
observatory at Kew are much more exact and delicate 
instruments. It was, however, found that the dip, like 
the declination, differs at different parts of the earth’s 
surface, and that it also undergoes changes from year to 
year. The “dip” in London for the year 1894 is 67° 
18'; in 1900 it will be 67° 9'. At the north magnetic 
pole the needle dips straight down. The following table 
gives particulars of the Declination, Inclination, and total 
magnetic force at a number of important places, the values 
being approximately true for the year 1900. 


Table of Magnetic Declination and Inclination 
(for Year 1900) 


Locality. 

Declination. 

Dip. 

Total Force 
(C.G.S.) 

London 

16° 16' 

W. 

67° 9' N. 

0-47 

St. Petersburg 

0° 30' 

E. 

70° 46' N. 

0*48 

Berlin. 

9° 30' 

W. 

66° 43' N. 

0*48 

Paris . 

14° 30' 

W. 

64° 55' N. 

0*47 

Rome . 

10° 0' 

w. 

58° 0' N. 

0-45 

New York . 

9° 12' 

w. 

70° 6' N. 

0*61 

Washington 

4° 35' 

w. 

70° 18' N. 

0-60 

Suu Francisco 

16° 42' 

E. 

62° 20' N. 

0-54 

Mexico 

8° 0' 

E. 

45° 1' N. 

0-48 

St. Helena . 

25° 0' 

W. 

32° 12' S. 

0-31 

Cape Town . 

29° 24' 

W. 

58° 2' S. 

0‘36 

Sydney 

9° 36' 

E. 

62° 45' S. 

0*57 

Ilobarton . 

25° 0' 

E. 

71° 12' S. 

0*64 

Bombay 

Tokio . 

0° 36' 

’ E. 

20° 38' N. 

0-37 

4° 6' 

W. 

49° 52' N. 

0-45 


153. Intensity.—Three things must be known in 







The Decimation ; 

The Inclination, and 

The Intensity of tin* Magnetic. Force, 

The magnetic force m measured hy one of the methods 
mentioned in tin* preceding lesson. Its direction in in 
the line of tin* dipping needle, which* like every magnet, 
ten<in to set itself along the linen of have. It is, however, 
more convenient to measure tin* hare nut in its total 
intensity in the line of the dip, hut to measure the 
horizontal component of the furee, that is to nay, the 
force in the direction of the hoi i/ontal compass- needle, 
from which tin* total lorn* ran he ealeuluted if the dip is 
known.* Or if tin? horizontal and vertical components of 
the force are known, the total force and the angle of the 
dip can both he calculated, f The hoii/outal component 
of the force, or “ horizontal intensity," can he ascertained 
either by the method of Vibrations or by the method of 
DellexionH. The mean horizontal force of the earth's 
magnetism at Izmdon in IHfK) was dynenmits, the 

mean vertical force *41*77, the total force (in the line of dip) 
was *4741 dyne-units. The distribution of the magnetic 
force at different points of the earth's surface m irregular, 
and varies in different latitudes according to an approximate 
law, which, its given hy Biot, in that the force h propor¬ 
tional to JT+dim t where I is the mngnetir latitude, 
164, Magnetic Maps,— For purposes of convenience 
it is usual to construct magnetic maps, cm which such 
data as those given in the Table on p, 13!) run \m marked 
clown, Bxieh maps may be constructed in several ways. 
Thus, it would be possible to take a map of England, or 
of the world, and mark it over with lines such as to 
represent hy their direction this actual direction in which 
the compass points ; in fact to draw the lines of force or 

* For if It & Hort»mtril Ominoneat of Force, am! I « Total Faroe* ami 



magnetic meridians. A more useful way of marking the 
map is to find out those places at which the declination 
is the same, and to join these places by a line. The 
Magnetic Map of Great Britain, which forms the Frontis¬ 
piece to these lessons, is constructed on this plan from the 
magnetic survey lately made by Rucker and Thorpe. At 
Plymouth the compass-needle in 1900 will point 18° to 
the west of the geographical north. The declination at 
Lynton, at Shrewsbury, and at Berwick will in that year 
be the same as at Plymouth. Hence a line joining these 
towns may be called a line of equal declination , or an 
Isogonic line. It will be seen from this map that the 
declination is greater in the north-west of England than 
in the south-east. We might similarly construct a magnetic 
map, marking it with lines joining places where the dyp 
was equal ; such lines would be called Isoclinic lines. 
In England they run across the map from west-south-west 
to east-north-east. For example, in 1900 the needle will 
dip about 67° at London, Southampton, and Plymouth. 
Through these places then the isoclinic of 67° may be 
drawn for that epoch. On the globe the isogonic lines 
run fox the most part from the north magnetic pole to the 
south magnetic polar region, but, owing to the irregularities 
of distribution of the earth’s magnetism, their forms are 
not simple. The isoclinic lines of the globe run round the 
earth like the parallels of latitude, but are irregular in 
form. Thus the line joining places where the north¬ 
seeking pole of the needle dips down 70° runs across 
England and Wales, passes the south of Ireland, then 
crosses the Atlantic in a south-westerly direction, traverses 
the United States, swerving northwards, and just crosses 
the southern tip of Alaska. It drops somewhat southward 
again as it crosses China, but again curves northwards as 
it enters Russian territory. Finally it crosses the southern 
part of the Baltic, and reaches England across the German 


1900. It lias been prepared from data furnished by 
Professor Mendenhall of the U.S. (Jeodetie Survey. It 
will be noticed that in the, year 1900 the magnetic 
declination will be zero at Lansing (Mich,), Columbus 
(Ohio), and Charleston (S. Carolina). 

The line passing through places of no declination is 
called the agonic line. It passes across both hemispheres, 
crossing Russia, Persia, anti Australia. There, is another 
agonic line in eastern Asia enclosing a region around 
Japan, within which there is a westerly declination. 

155. Variations of Barth’s Magnetism. —We 
have already mentioned that both the declination and 
the inclination arc subject to changes ; some of these, 
changes take place very slowly, others occur every year, 
and others again every day. 

Those changes which reejuire many years to run their 
course are called secular changes. 

The variations of the declination previous to 1580 are 
not recorded ; the compass at London then pointed 11° 
east of true north. This easterly declination gradually 
decreased, until in 1057 the compass pointed true north. 
It then moved westward, attaining a maximum of 24° 
27' about the year 1816, from which time it has slowly 
diminished to its present value (16° 57' in 1894); it 
diminishes (in England) at about the rate of 7' per year. 
At about the year 1976 it will again point truly north, 
making a complete cycle of changes in about 320 years. 

The Inclination in 1570 was 7l w 50', and it slowly 
increased till 1720, when the angle of dip reached the 
maximum value of 74° 42'. It has since, steadily dimin¬ 
ished to its present (1894) value of 67 w 39'. The period 
in which the cycle is completed is not known, but the rate, 
of variation of the dip is less at the present time than it 
was fifty years ago. In all parts of the earth both 
declination and inclination are slowly changing. The 
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The Total Mittjiuiu' ft we, or “ In tenuity/’ ako slowly 
changes in value,. Ah tmumured near London, it was 
e(|ual to *4701 dyne-units in 1 848, *4740 in 18(Ml, in 
1880 -473(1 dyne - units, in IH»« *474 \* Owing to 
the steady deemwe of the. angle at which the, needle 
dips, tho horizontal component of thin fom* (i.e. the 
“Horizontal Intensity”) in alightly iucmtHtng, It won 
•1716 dyne-units in 1814, *1797 dyne-vmita at the be¬ 
ginning of 1880, and *1H23 dyne-units in 1890, 

168. Daily V ariatlonB, - - Both corn pirns and dip. 
ping-needle, if minutely observed, exhibit slight daily 




motions. About 7 a.m. the compass-needle lupins to 
travel wont-ward with a motion which lusts till about 
l P.M. ; during the afternoon and evening the. needle 
slowly travels back eastward, until about 10 i\m. ; after 
this it rests quiet; but in summer-time, the needle begins 
to move again slightly to the. west at. about midnight, 
and returns again eastward before. 7 a.m. These del it*, ate 
variations never more than 1 O' of are * appear to bo 
eon needed with tins position of the. sun ; and the moon 
also exercises a minute influence upon the position of 
the needle. 

167. Annual Variations.— -There is also an annual 
variation corresponding with the movement of tin*, earth 
around the. situ. In tin*. British Islands the total force 
is greatest in June and least in February, but in the 
Southern Hemisphere, in Tasmania, the reverse is the 
ease. The dip also differs with the season of the year, 
the angle of dip being (in England) less during the four 
summer months than in the rest of the year. 

168. Eleven -Year Period.— Ueneral Rabine dis¬ 
covered that there is a larger amount of variation of the 
declination occurring about once every eleven years. 
Rehwabe noticed that the recurrence of these periods 
coincided with the eleven-year periods at which there 
is a maximum of qwtit on the sun. Professor Balfmu 
Btewarl and others have endeavoured to trace* a mmilai 
periodicity in the recurrence of auroras* and of othoi 
phenomena, 

160, Magnetic Storms.— Tt is sometimes observed 
that a sudden (though very minute) irregular disturbance 
will affect the whole, of the com pass-need les over a con 
siderable region of the globe. Such occurrences ar< 
known as magnetic storms ; they frequently occur at tin 
time when an aurora is visible, 

100. Self-recording Magnetic Apparatus.—A 


hourly variations of the magnet are recorded on a con¬ 
tinuous register. The means employed consists in throw¬ 
ing a beam of light from a lamp on to a light mirror 
attached to the magnet whose motion is to be observed. 
A spot of light is thus reflected upon a ribbon of photo¬ 
graphic paper prepared so as to be sensitive to light. 
The paper is moved continuously forward by a clock¬ 
work train ; and if the magnet be at rest the dark trace 
on the paper will be simply a straight line. If, however, 
the magnet moves aside, the spot of light reflected from 
the mirror will be displaced, and the photographed line 
will be curved or crooked. Comparison of such records, 
or magnetogmphs, from stations widely apart on the 
earth’s surface, promises to afford much light upon the 
cause of the changes of the earth’s magnetism, to which 
hitherto no reliable origin has been with certainty 
assigned. Schuster has shown that these changes gener¬ 
ally come from without, and not from within. 

161. Theory of Earth’s Magnetism.—The phe¬ 
nomenon of earth - currents (Art. 233) appears to be 
connected with that of the changes in the earth’s mag¬ 
netism, and can be observed whenever there is a display 
of aurora, and during a magnetic storm ; but it is not 
yet determined whether these currents are due to the 
variations in the magnetism of the earth, or whether 
these variations are due to the currents. It is known 
that the evaporation (see Art. VI) always going on in the 
tropics causes the ascending currents of heated air to be 
electrified positively relatively to the earth. These air- 
currents travel northward and southward toward the 
colder polar regions, where they descend. These streams 
of electrified air will act (see Art. 397) like true electric 
currents, and as the earth rotates within them it will be 
acted upon magnetically. The author has for twelve 
years upheld the view that this thermodynamic produc- 

t.irm nnlciY> r»m'T*OTvfa in l n n i nn wi+Ti t.llP P£)rt.Ti J K 




ELECTRICITY 1 AND MAGNETISM 


VAltT i 


suggested for accounting for tin*, growth of the cartlCs 
magnetism to its present state. The action of the sun 
and moon in raising tides in tin* atmosphere might 
account for the variations mentioned in Art. 155. it, j iS 
important to note, that in all magnetic storms the in¬ 
tensity of the perturbations is greatest in the regions 
nearest the, poles ; also, that the magnetic poles coincide 
very nearly with the regions of greatest cold ; that the 
region where aurora 1 (Art. 33Gj are. seen in greatest 
abundance is a region lying nearly symmetrically round 
the magnetic pole. It may be added that the general 
direction of the feeble daily earth-currents (Art. 233) is 
from the poles toward the equator. 
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162. Plow of Ourronta. It him been iiltwtdy 

mentioned, in Lesson IV., how electricity flows muiy 
from a charged body through any conducting mdwtattee, 
such as a wire or a wetted string. If, by nay itmingr 
ment, electricity could be supplied to the body ju*t m 
fast as it flowed away, a continuous aummt would Sir 
produced. Such a current always flown through a nm 
ducting wire, if the ends aw kept at different ulertne 
potentials. In like manner, a current of heat Ihmu 
through a rod of metal if the ends aw kept at different 
temperatures, the flow being always from the high 
temperature to the lower. No exact evidence exinpi m 
to the direction in which the current in a wire rmlly 
“ flows.” It is convenient to regard the electricity m 
flowing from positive to negative ; or, in other wordu, 
the natural direction of an electric current in front the 
high potential to the*low. . It is obvious that such a flow 
tends to Irrimr both Ut 


necessary supposition in the fart, that, in the decomponi 
ticm of liquids by the 1 current, some of the elements ari 
liberated at the place when' tin* current enters, others at 
the place where it leaves the. liquid. 

The quantify of electricity conveyed by a current is 
proportional to tin* current and to the time that it con¬ 
tinues to flow. The praetical unit of current is called the 
ampere (see Arts, 2()7 and 25*1). The quantity of electricity 
conveyed by a current of one ampere in one second if 
culled one ampere*-second or one. coulomb, One ampere■ 
hour equals 3(1<K) coulomb*. If 0 is the number o 
amperes of current, t the number of seconds that it lasts 
and 0 the number of coulombs of electricity thereby con 
veyed, the relation lad ween them is expressed by thi 
formula: — 

q o x /. 

Example, If a current of 80 amperes Hows for 15 minute 
tin* total quantity of electricity conveyed will t> 
80 x tf» x 00 7*2,000 coulombs. This is equal to 2 

ampere-hours, 

(hirrents are called continuous if they flow, withon 
stopping, in one direction. They are called altmim 
mrrentt i if they continually reverse in direction in 
regular periodic manner, (lowing first in one directio 
round the circuit and then in the other. 

(Continuous currents of electricity, such as wo lurv 
described, arc produced by voltaic cells, and hat term < 
such cells, or else by dynamos driven by power, thong 
there are other sources of currents hereafter to he met 
tinned. Alternate currents .are produced by flpecii 
alternate current dynamos or aUtrtutlvr*, and are sopi 
lately treated of in Art. 470. 

163. Discoveries of Galvan! and of Volta,- 
The discovery of electric currents originated with Galvan 


convulsive motions produced by tbe “ return-shock” (Art. 
29) and other electric discharges upon a frog’s leg. He 
was led by this to the discovery that it was not necessary 
to use an electric machine to produce these effects, but 
that a similar convulsive kick was produced in the frog’s 
leg when two dissimilar metals, iron and copper, for 
example, were placed in contact with a nerve and a 
muscle respectively, and then brought into contact with 
each other. Galvani imagined this action to be due to 
electricity generated by the frog’s leg itself. It was, 
however, proved by Volta, Professor in the University 
of Pavia, that the electricity arose not from the muscle 
or nerve, but from the contact of the dissimilar metals. 
When two metals are placed in contact with one another 
in the air, one becomes positive and the other negative, 
as we have seen near the end of Lesson VII., though the 
charges are very feeble. Volta, however, proved their 
reality by two different methods. 

164. The Voltaic Pile.—The second of Volta’s 
proofs was less direct, but even more convincing; and 
consisted in showing that when a number 
of such contacts of dissimilar metals 
could be arranged so as to add their 
electrical effects together, those effects 
were more powerful in proportion to the 
number of the contacts. With this view 
he constructed the apparatus known (in 
honour of the discoverer) as the Voltaic 
Pile (Pig. 95). It is made by placing a 
pair of disks of zinc and copper in contact 
with one another, then laying on the 
copper disk a piece of ffannel or blotting- 
paper moistened with brine, then another 
pair of disks of zinc and copper, and so 
on, each pair of disks in the pile being 
separated by a moist conductor. Such a pile, if composed 
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Fig. 95. 


enough to give qtiito a perceptilde shock, if tin* top and 
bottom disks, or wires connected with thorn, bo touched 
simultaneously with the moist humors, When a si agio 
pair of motuis are placed in oontaot, one becomes ~p ly 
electrical to a certain small extent, mid thr other • ly 
electrical, or, in other wort Is, thoro is a oortain difference 
of electric potential tsee Arl.s2(Jf>) hot worn thorn. Buiwhon 
a number aiv thus sot in sorios with moist ooiuluotors 
between the sucrossivo pairs, thr- difference of potential 
between tlu‘. first zinc and tin* last ooppor tlisk is increased 
in proportion to the number of pairs ; for now all the 
successive small ditferonros of potent ial are added together. 

165. The Crown of Cups. Another combination 
devised by Volta was his (*otn'ojnie tie VW.srs or (Vmea of 
(Jivps. It consisted of a number of cups (Kig, U(i), 
filled either with brine or dilute acid, into which dipped 
a number of compound strips, half zinc half copper, 
the zinc portion of one, strip dipping into one cup, while 



the copper portion dipped into the other cup. The 
dilFere.nee of potential between the lirst and last cupn 
is again proportional to the number of pairs of metal 
strips. This arrangement, though badly adapted for 
such a purpose, is powerful enough to ring an electric 




combinations is, however, best understood by studying 
the phenomena of one single cup or cell. 

166. Simple Voltaic Cell.—Place in a glass jar 
some water having a little sulphuric acid or any other 
oxidizing acid added to it (Fig. 97). Place in it sepa¬ 
rately two clean strips, one of zinc Z, and one of copper 
C. This cell is 
capable of supply¬ 
ing a continuous 
flow of electricity 
through a wire 
whose ends are 
brought into con¬ 
nexion with the 
two strips. When 
the current flows 
the zinc strip is 
observed to waste 
away; its consump¬ 
tion in fact furnishes 
the energy required 
to drive the current 
through the cell and 
the connecting wire. 97 . 

The cell may there¬ 
fore be regarded as a sort of chemical furnace in which 
fuel is consumed to drive the current. The zinc is 
the fuel,* the acid is the aliment, whilst the copper is 
merely a metallic hand let down into the cell to pick up 
the current, and takes no part chemically. Before the 
strips are connected by a wire no appreciable difference 
of potential between the copper and the zinc will be 
observed by an electrometer; because the electrometer 
only measures the potential at a point in the air or 
oxidizing medium outside the zinc or the copper, not the 





potentials of the metals themselves. The zinc is trying 
to dissolve and throw a current. across to tie* copper ; 
while the copper is trying (less powerfully) to dissolve 
ami throw a current across the other wav. The zinc 
itself is at about 1 -HO* volts higher potential than the sur¬ 
rounding oxidizing media (see Art. 489) ; while the 
copper is at only ahout'81 volts higher, having a less 
tendency to become oxidized. Then 1 is then a latent 
diTerence of potential of about 1*05 volts between the 
zinc and the copper ; hut this produces no enmmt as long 
as there is no metallic circuit. If tin* strips are made 
to touch, or are joined by a pair of metal wires, imme¬ 
diately there is a rush of electricity through the acid from 
the zinc to tins copper, as indicated hv the arrows in Fig. 
97, the current returning by the metal circuit from the 
copper to the zinc. A small portion of the zinc, is at the 
same time dissolved away ; the zinc parting with its 
latent; energy as its atoms com him*, with tin*, acid. This 
energy is expended in forcing electricity through the 
acid to the copper strip, ami thence through the wire 
circuit back to tbo zinc strip. Tin*, copper strip, whence 
the current starts on its journey through the external 
eirivuit, is called the yumititui pule, and the zinc strip is 
called the 'ntujtdice polt\ If two copper wires are united 
to the tops of the two strips, though no eurrent How's so 
long as the wires are kept separate, the, wire attached to 
the zinc will bo found to be negative, and that, attached 
to the copper positive, there being still a tnuUnaj for 
the zinc to oxidize and drive electricity through the cell 
from zinc to copper. This state of things is represented 
by tlu*. + and — signs in Fig. 97 ; ami this distribution of 
potentials led some to consider the junction of tin* zinc, 
with the copper win*, as the shirting point of the eurrent. 
But the real starting point is in the cell at the surface of 
the zinc where the chemical action is furnishing energy ; 




plained in Chap. XT.) which have the result of constantly 
renewing the difference of potential. At the same time 
it will be noticed that a few bubbles of hydrogen gas 
appear on the surface of the copper plate. Both these 
actions go on as long as the wires are joined to form a 
complete circuit. The metallic zinc may be considered 
as a store of energy. We know that if burned as a fuel 
in oxygen or air it will give out that store of energy as 
heat. If burned in this quiet chemical manner in a 
cell it gives out its store not as heat—any heat in a cell 
is so much waste—but in the form of electric energy, 
i.e. the energy of an electric current propelled by an 
electromotive force. 

167. Effects produced by Current.—The cur¬ 
rent itself cannot be seen to flow through the wire circuit; 
hence to prove that any particular cell or combination 
produces a current requires a knowledge of some of the 
effects which currents can produce. These are of various 
kinds. A current flowing through a thin wire will heat 
it; flowing near a magnetic needle it will cause it to 
turn aside ; flowing through water and other liquids it 
decomposes them ; and, lastly, flowing through the living 
body or any sensitive portion of it, it produces certain 
sensations. These effects, thermal, magnetic, chemical, 
and physiological, will be considered in special lessons. 

168. Voltaic Battery.—If a number of such simple 
cells are united in series, the zinc plate of one joined to 
the copper plate of the next, and so on, a greater differ¬ 
ence of potentials will be produced between the copper 
u pole 55 at one end of the series and the zinc “ pole 55 at 
the other end. Hence, when the two poles are joined 
by a wire there will be a more powerful flow of electricity 
than one cell would cause. Such a combination of 
Voltaic Cells is called a Voltaic Battery.* .There are 

* By some writers the name Galvanic Battery is given in honour of 
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many ways of grouping a battery of rolls, but two nti*cl 
special notice. If the cells are joined up in one row, 
as in Fig. 00 or Fig. OS, they are said to bo /a series. 
Electricians often represent a cell by a symbol in which 

a short thick lim 1 shun is for 
the zinc and a longer thin line 
for the copper for eurbuiO. 
Thus Fig. OH rcpre units four 
cells joined in serifs, So 
joined they do not yicltl 
more current (more amperes) than a single cell would 
yield, but they yield that current with a fourfold electro, 
motive-force (i.e. with more volts of pressure). 

The other chief way of grouping cells is t»» join nil 
the zincs together and all the coppers (or euibuus) tm 
gether ; and they are then 
said to he in parallel, or are 
joined “ for cpiantity.” Ho 
joined they have no greater 
electromotive - force than 
one cell. The zincs act like pig, nt>. 

one big zinc, the coppers 

like one big copper. But they will yield more current. 
Fig. 99 shows the four cells grouped in parallel ; they 
would yield thus a current four times ns great m <me ceil 
alone would yield. 

109. Electromotive - Force. •.The. term electro* 

motive-force is employed to denote that which moves 
or tends to move electricity from one place to another, 11 

Electricity, or sometimes oven dalvanism (!), bug an wo shall nn\ If illfb'M 
only in degree from Frictional or any other Electricity, ami b*»th can flow 
along wires, and magnetize iron, ami decompose chemical compt'iimix. 
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Fur btwity wo nomHimeM write it K,M , F. In ihk 
particular cane it in ub\itlunty tin* remit <»f the *itHV*n*tirt* 
of potential, unit proport t**imt tu it, J u*t m in water- 
pipes a dijfetmee of level produces n piwfirr, and tin* 
pressure produces a flow w* wnm an the tup in turned 
on, m diffe retire of fotniiutl protiueeH etevtrmnndve faret % 
and tdeetromolive-foivo wt« up it current ho wwm itn n 
circuit ia completed fur the elect rieity to flow through, 
Klertronmtiveforcc, therefore, may often bo conveniently 
expressed an a difference of potential, and Her verml ; but 
the student mu4 not forget the diatimliun. Tit© unit in 
which electromotive lbtve ia measured k termed the volt 
(see Art- 354X Thu terms premier and TotUuje tire mune- 
times urn! for difference of potouliiil or electromotive force, 

170, Voliti’H LtiW». Volta showed (Art, 7U) tlmi 
the difference of potontial hot worn two metal* in mutant 
(in air) depended merely on what metnU they were, not 
on their wze, nor on tin* amount of surface in contact, 
Ha also Hhowtnl tlmi whim a mimlmr of metals touched 
one another the difference of jmttmfbil between tlit> first 
and lost of the row in the name m if they touched one 
another directly, A tju&utitativti illustration from the 
rcHearcheH of Ayrton anti Parry wiw given in Art, 80. 
.But the case of a series of eel la ia different, from that of 
a mere row of metals In contact, If in the row of eel la 
the zincs and coppers are nil arranged in one order* »o 
that all of them net up electromotive forces in the name 
direction, the total electromotive force of the m'in unit Im 
equal to the eleetromodvefmre of mm edl multiplied by tlm 
number of crib. 

Hitherto we have spoken only of zinc and copper an 
the materials for a eel l j hut eel lit may he inacln of any 
two metals. The effective eleetromotlve-foree of n eel! 
depends on the dt/emme between th© two. If due wiw 


used for both metals in a cell it would give no current;, 
for each plate would be trying to dissolve and to throw a 
current across to the other with equal tendency. That 
cell will have the greatest electromotivedbree, or be the 
most a intense,” in which those materials are, used which 
have the. greatest difference in their tendency to combine*, 
chemically with the acid, or which art* widest apart on 
the “contact-series” given in Art. 80. Zinc and copper 
are convenient in this respect; and zinc and silver would 
he better but for tlm expense, For more powerful bat¬ 
teries a zinc-platinum or a zinc-carbon combination is 
preferable. That plate or piece of metal in a cell by 
which the current enters the liquid is called ihv, ((node; 
it is that plate which dissolves away. The plate or piece 
of metal by which tht* current leaves the. cell is called the 
kathode; it is not dissolved, and in some cast's receives 
a deposit on its surface. 

171. Resistance.— The same electromotive force 
does not, however, always produce a current of the same 
strength. The amount of current depends not only on 
the fore.e tending to drive the electricity round the 
circuit, but also on the resistance which it has to 
encounter and overcome in its How. If the cells be 
partly choked with sand or sawdust (as is sometimes 
done in so-called “ Sawdust, Batteries ,J to prevent 
spilling), or, if the wire provided to complete the circuit 
he very long or very thin, the action will bit partly 
stopped, and the current will be weaker, although the 
E.M.F. may be unchanged. The analogy of the water- 
pipes will again help us. The pressure which forces the 
water through pipes depends upon the dilferenee of level 
between the cistern from which the water flows and the. 
tap to which it flows ; but the amount of water that 
runs through will depend not on the pressure alone, but 
on the resistance it meets with ; for, if the pipe be a 



Xow the metals in general conduct well: their resist¬ 
ance is small; but metal wires must not be too thin or 
too long, or they will resist too much, and permit only 
a feeble current to pass through them. The liquids in 
the cell do not conduct nearly so well as the metals, 
and different liquids have different resistances. Pure 
water will hardly conduct at all, and is for the feeble 
electricity of the voltaic battery almost a perfect in¬ 
sulator, though for the high-potential electricity of the 
frictional machines it is, as we have seen, a fair conductor. 
Salt and saltpetre dissolved in water are good conductors, 
and so are dilute acids, though strong sulphuric acid is a 
bad conductor. The resistance of the liquid in the cells 
may be reduced, if desired, by using larger plates of 
metal and putting them nearer together. Gases are bad 
conductors ; hence the bubbles of hydrogen gas which 
are given off at the copper plate during the action of the 
cell, and which stick to the surface of the copper plate, 
increase the internal resistance of the cell by diminishing 
the effective surface of the plates. 


Lesson XI Y. —Chemical Actions in the Cell 

172. Chemical Actions.—The production of a 
current of electricity by a voltaic cell is always accom¬ 
panied by chemical actions in the cell. One of the 
metals at least must be readily oxidizable, and the liquid 
must be one capable of acting on the metal. As a matter 
of fact, it is found that zinc and the other metals which 
stand at the electropositive end of the contact-series (see 
Art. 80) are oxidizable ; whilst the electronegative sub¬ 
stances—copper, silver, gold, platinum, and graphite— 
are less oxidizable, and the last three resist the action of 
every single acid. There is no proof that their electrical 
behaviour i e to their chemical behaviour ? nor tbnt 



Probably both result from a eommon cause (see Art. 
80, and also 489). A. piece of quite pure zinc when 
dipped alone into dilute sulphuric acid is not attacked by 
the liquid. But; the ordinary commercial zinc is not 
pure, and when plunged into dilute sulphuric acid dis¬ 
solves away, a large quantity of bubbles of hydrogen gas 
being given oil’ from the surface of the metal. Sulphuric, 
acid is a complex substance, in which every molecule is 
made up of a group of atoms — ii of 1 lydr<>geu, 1 of 
Sulphur, and 4 of Oxygen ; or, in symbols, HuSO { . The 
chemical reaction by which the. zinc, enters into com¬ 
bination with the radical of the acid, turning out the 
hydrogen, is expressed in the following equation ; * * 

7ai + ll 2 S0 4 - ZnSO tl T 11. 

Zinc and Hutyluirie Acid produce Hulplmtc of Zinc, and Hydrogen. 

The sulphate of zinc, produced in this reaction remains in 
solution in the liquid. 

Now, when a plate of pure zinc and a plate of some 
less-easily oxidizable metal-—copper or platinum, or, best 
of all, carbon (the hard carbon from gas retorts) —am put 
side by side into the cell containing arid, no appreciable 
chemical action takes place until the circuit is completed 
by joining the two plates with a wire, or by making 
them touch one another. Directly the circuit is com¬ 
pleted a current Hows and the chemical actions begin, 
the zinc dissolving in the acid, and the acid giving up its 
hydrogen in streams of bubbles. But it will be noticed 
that these bubbles of hydrogen are evolved not at the. 
zinc plate, nor yet throughout the liquid, hut at the 
surface of the copper plate (or the carbon plate if carbon 
is employed). This apparent transfer of the hydrogen 
gas through the liquid from the surface of the zinc plate 
to the surface of the copper plate where it appears is very 
remarkable. The ingenious theory framed by Urotthuss 
+« a* r Vr wt r .... 



These chemical actions go on as long as the current 
passes. The quantity of zinc used up in each cell is pro¬ 
portional to the amount of electricity which flows round 
the circuit while the battery is at work ; or, in other 
words, is proportional to the current. The quantity of 
hydrogen gas evolved is also proportional to the amount 
of zinc consumed, and also to the current. After the 
acid has thus dissolved zinc in it, it will no longer act 
as a corrosive solvent; it has been <£ killed,” as workmen 
say, for it has been turned into sulphate of zinc. The 
battery will cease to act, therefore, either when the zinc 
has all dissolved away, or when the acid has become 
exhausted, that is to say, when it is all turned into sul¬ 
phate of zinc. Stout zinc plates will last a long time, 
but the acids require to be renewed frequently, the spent 
liquor being emptied out. 

173. Local Action.—When the circuit is not closed 
the current cannot flow, and there should be no chemical 
action so long as the battery is producing no current. 
The impure zinc of commerce, however, does not re¬ 
main quiescent in the acid, but is continually dissolving 
and giving off hydrogen bubbles. This local action, 
as it is termed, is explained in the following manner:— 
The impurities in the zinc consist of particles of iron, 
arsenic, and other metals. Suppose a particle of iron to 
be on the surface anywhere and in contact with the acid. 
It will behave like the copper plate of a battery towards 
the zinc particles in its neighbourhood, for a local differ¬ 
ence of potential will be set up at the point where there 
is metallic contact, causing a local or parasitic current to 
run from the particles of zinc through the acid to the 
particle of iron, and so there will be a continual wasting 
of the zinc, both when the battery circuit is closed and 
when it is open. 

174. Amalgamation of Zinc.—We see now why a 
piece of ordinary commercial zinc is attacked on being 



surface in consequence of tin* metallic impurities in it. 
To do away with this local action, and abolish the 
wasting of the zinc while the battery is at rest, it, is usual 
to amalgamate the surface, of the zinc, plates with 
mercury. The surface to he amalgamated should be 
cleaned by dipping into acid, and Hum a few drops of 
mercury should he poured over the surface and rubbed 
into it with a hit of linen rag tied to a stirk. The 
mercury unites with the zinc at the surfaee, forming a 
pasty amalgam. The iron particles do not. dissolve in 
the mercury, hut boat up to the surfaee, whence, the 
hydrogen bubbles which may form speedily carry them 
oil*. Ah the zinc, in this pasty amalgam dissolves into 
the acid the. him of mercury unites with fresh portions 
of zinc, and so presents always a clean bright surfaee. to 
the liquid. 

A newer and better process is to add about. 4 per cent 
of mercury to the molten zinc before easting into plates 
or rods. If the zinc plates of a battery are well amal¬ 
gamated there should he no (‘.volution of hydrogen 
bubbles when the circuit is open. Nevertheless there 
is still always a little wasteful local action during the 
action of the battery. Jacobi found that while one part 
of hydrogen was evolved at the kathode, parts of 

zinc, were dissolved at the anode, instead of the 
parts which are the. chemical equivalent of the hydrogen. 

175. Polarization. The bubbles of hydrogen gas 
liberated at the surface of the copper plate stick (u it in 
great numbers, and form a film over its surface ; hence, 
the directive amount of surface of the copper plate is very 
seriously reduced in a short time. When a simple cell, 
or battery of such cells, is set to produce a current, it is 
found that the. current after a few minutes, or even 
seconds, falls olf very greatly, and may even be almost 

fttm mrwl ^Pl i "u i ivv 1 liU n« ful 1 in i r t fV i n (In* 



to the film of hydrogen bubbles sticking to the copper 
pole. A battery which is in this condition is said to be 
“ polarized.” 

176. Effects of Polarization.—The him of hydro¬ 
gen bubbles affects the strength of the current of the cell 
in two ways. 

Firstly , it weakens the current by the increased resist¬ 
ance which it offers to the flow, for bubbles of gas are bad 
conductors ; and, worse than this, 

Secondly , it weakens the current by setting up an 
opposing electromotive-force; for hydrogen is almost as 
oxidizable a substance as zinc, especially when it is being 
deposited (or in a “ nascent ” state), and is electropositive, 
standing high in the series on p. 85. Hence the hydro¬ 
gen itself produces a difference of potential, which would 
tend to start a current in the opposite direction to the 
true zinc-to-copper current. Ho cell in which the polari¬ 
zation causes a rapid falling off in power can be used for 
closed circuit work. 

It is therefore a very important matter to abolish this 
polarization, otherwise the currents furnished by batteries 
would not be constant. 

177. Remedies against Internal Polarization. 
—Various remedies have been practised to reduce or 
prevent the polarization of cells. These may be classed 
as mechanical, chemical, and electrochemical. 

1. Mechanical Means .—If the hydrogen bubbles be 
simply brushed away from the surface of the kathode, 
the resistance they caused will be diminished. If air 
be blown into the acid solution through a tube, or if 
the liquid be agitated or kept in constant circulation by 
siphons, the resistance is also diminished. If the surface 
be rough or covered with points, the bubbles collect more 
freely at the points and are quickly carried up to the 
surface, and so got rid of. This remedy was applied in 
Smee’s Cell, which consisted of a zinc and a platinized 


plate, having Its surface thus covered with a rough routing 
of finely divided platinum, gave up the hydrogen bubbles 
freely; nevertheless, in a battery of Smee cells the eurrent 
diminishes greatly after a few minutes. 

2. (Vie mi cal Means. —If a highly-oxidizing substanee 
be added to the acid it will destroy the hydrogen bubbles 
whilst they arc still in the naseent state, and thus will 
prevent both the increased internal resistance and the 
opposing electromotive-force. Such substances are. bi¬ 
chromate of potash, nitric acid, and chlorine. 

3. Electrochemical Means.*- It. is possible by employ¬ 
ing double cells, as explained in the next lesson, to so 
arrange matters that some solid metal, such as coppn, 
shall he liberated instead of hydrogen bubbles, at the 
point where the current loaves tin* liquid. This electro¬ 
chemical exchange entirely obviates polarization. 

178. Simple Laws of Chemical Action in the 
Cell. —We will conclude this section by enumerating the 
two simple laws of chemical action in the cell. 

I. The amount of chemical action in the, cell is propor¬ 
tional to the quantity of electricity that passes through it 
—that is to say, is proportional to the current while it 
passes. 

A current of one ampere (lowing through the cell for 
one second causes 0*00033008 (or a ^ 7 } of a gramme of 
zinc to dissolve in the acid, and liberates 0*000010384 
(or ^ 1 ^. 2 ) a gramme of hydrogen. 

II. The amount of chemical action is equal in each etil 
of a battery consisting of cells joined in series. 

The first of these laws was thought by Faraday, who 
discovered it, to disprove Volta’s contact theory. Ho 
foresaw that the principle of the conservation of energy 
would preclude a mere contact force from furnishing a 
continuous supply of current, and hence ascribed the 
current to the chemical actions which were proportional 



paragraph of Art. 80. These laws only relate to the 
useful chemical action, and do not include the waste of 
“local” actions (Art. 166) due to parasitic currents set 
up by impurities. 


Lesson XV .—Voltaic Cells 

179. A good "Voltaic cell should fulfil all or most of 
the following conditions:— 

1. Its electromotive-force should be high and con¬ 

stant 

2. Its internal resistance should be small. 

3. It should give a constant current, and therefore 

must be free from polarization, and not liable 
to rapid exhaustion, requiring frequent renewal 
of the acid. 

4. It should be perfectly quiescent when the circuit 

is open. 

5. It should be cheap and of durable materials. 

6. It should be manageable, and if possible, should 

not emit corrosive fumes. 

No single cell fulfils all these conditions, however, 
and some cells are better for one purpose and some for 
another. Thus, for telegraphing through a long line of 
wire a considerable internal resistance in the battery is 
no great disadvantage ; while, for producing an electric 
light, much internal resistance is absolutely fatal. The 
electromotive-force of a battery depends on the materials 
of the cell, and on the number of cells linked together, 
and a high E.M.F. can therefore be gained by choosing 
the right substances and by taking a large number of 
cells. The resistance within the cell can be diminished 
by increasing the size of the plates, by bringing them 
near together, so that the thickness of the liquid between 
them may be as small as possible, and by choosing liquids 


180 Classification of Cells. -Of the innumerabh 
forms of cell that have been invented, only those of firs 
importance can he described. U11 h arc sometimes class! 
fled into two groups, according as they contain one or tw. 
fluids or electrolytes, hut a better classification m tha 
adopted in Art. 177, depending mi the means of prevent 

mg polarization. 


Class i.—With: Mechanical Depolarization 
(Single Fluid) 

Th e simple cell of Volta, with its zinc and coppe 
plates, has been already _ described. The larger tin 
copper plate, the longer time does it take to polarize 
Cruickshank suggested to place the plates vertically in i 
trough, producing a more powerful combination. Dr 
Wollaston proposed to use a plate of copper of double size 
bent round so as to jELpproaoh the zinc oil both sides, thu 
diminishing the resistance, and allowing the hydrogoi 
more surface to deposit upon. Smcc, as wc have soon 
replaced the copper plate by platinized silver, and Wnlke 
suggested the use of platen of hard carbon instead o 
copper or silver, thereby saving cost, and at the saw 
time increasing the electromotive-force. The roughnen 
of the surface facilitates the escape of hydrogen bubble* 
By agitating such cells, or raising their kathode plates fo 
a few moments into the air, their power is partial b 
restored. The Law cell, used in the United States fo 
open-circuit work, is of this class: it has a small rod o 
zinc and a cleft cylinder of carbon of large surfac 
immersed in solution of salammoniac. 


Class II.—With Chemical Depolarization 



powerful chemical agent as a depolarizer. Amongst 
depolarizers tlie following are chiefly used :—Nitric acid, 
solutions of chromic acid* of bichromate of potash, of 
bichromate of soda, of nitrate of potash, or of ferric 
chloride; chlorine, bromine, black oxide of manganese, 
sulphur, peroxide of lead, red lead, oxide of copper. 
Most of these materials would, however, attack the 
copper as well as the zinc if used in a zinc-copper cell. 
Hence they can only 
be made use of in zinc- 
carbon or zinc-platinum 
cells. Nitric acid also 
attacks zinc when the 
circuit is open. Hence 
it cannot be employed 
in the same single cell 
with the zinc plate. 

In the Bichromate 
Cell, invented by 
Poggendorff, bichro¬ 
mate of potash is added 
to the sulphuric acid. 

This cell is most con¬ 
veniently made up as 
shown in Pig. 100, in 
which a plate of zinc is 
the anode, and a pair 
of carbon plates, one on each side of the zinc, joined 
together at the top serve as a kathode. As this solution 
would attack the zinc even when the circuit is open, the 
zinc plate is fixed to a rod by which it can be drawn up 
out of the solution when the cell is not being worked. 

To obviate the necessity of this operation the device is 
adopted of separating the depolarizer from the liquid into 
which the zinc dips. In the case of liquid depolarizers 
this is done by the use of an internal porous cell or parti- 
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allow the electric current to How while keeping the 
liquids apart. In one compartment in the. zinc anode 
dipping into its aliment of dilttte acid : in the other com¬ 
partment the carbon (or platinum) kathode dipping into 
the depolarizer. Such cells are termed fuv-jhrid cells. 
In the case of solid depolarizers such as black oxide of 
manganese, oxide of copper, etc,, the material merely needs 
to be held up to the kathode. All solid depolarizers are 
slow in acting. 


Clash III.— With Electrochemical Depolarization 

When any soluble metal is immersed in a solution of 
its own salt—for example, zinc dipped into sulphate of 
zinc, or copper into sulphate of copper —there is a definite 
electromotive-force between it and its solution, the mea¬ 
sure of its tendency to dissolve 4 . If a current is sent 
from metal to solution some of the metal dissolves; if, 
however, the current is sent from solution to metal some 
more metal will be deposited (or u plated ”) out of the 
solution. But as long as the chemical nature of the 
surface and of the liquid is unchanged there will be no 
change in the electromotive-force at the surface. It 
follows that if a cell were made with two metals, each 
dipping into a solution of its own salt, the two solutions 
being kept apart by a porous partition, such a cell would 
never change its electromotive-force. The anode would 
not polarize where it dissolves into the excitant ; the 
kathode would not polarize, since it receives merely an 
additional thickness of the same sort as itself. This 
electrochemical method of avoiding polarization was dis¬ 
covered by Daniell. It is the principle not only of the 
Daniell cell, but of the Clark cell and of others. For per¬ 
fect constancy the two salts used should he salts of the 



Daniell'a battery linn an inner porous etdl nr partition to 
keep the Hepnrato 1 itjtiittn from mixing, The «»utor ndl 
(Pig. 101) in uhimII.v of copper* and aervea a bn* it# it 
copper kathode, Within it. is plum! a ryltittlrtcjil fell of 
miglazcd porous ware (a cell of parchment, or e\v» of 
brown paper, will answer!, and in this fa a rod of an taiga - 
mated zinr na anode, "Use liquid 
in the inner cell mdiluteMilphutie 
acid or dilute sulphate of zinc ; 
that in the outer roll in a uni unit»*d / 

Rolution of sulphate of copper 
( u blue vitriol ”), nutnc spare 
crystals of the same substance 
being contained in a perforated 
shelf at the top of the cell, in 
order that they may dhsoh e and 
replace that whieh in need tip 
while the buttery is in net ion, 

When the eireuit in closed the zinc dissolves ill the 
dilute acid, forming sulphate of zinc, and hheriitiitg 
hydrogen ; hut thin gun does not ap|*enr in bubbles on 
the mirfuee of tiio copper cell, for, since the inner cell fa 
porous, the molecular actions |l»y wliielt the freed ntotiii 
of hydrogen are, an explained by Fig, handed on 

through the aeid) traverae the pores of the inner cell* ntnl 
there, in the solution of sulphate of copper* the hydrogen 
atotuH are exchanged for copper atoms, the tv«n!t being 
that pure copper, and m*t hydr<»gen gas, fa deposited on 
the outer copper plait'. ( 'hemieally tliesn uetnms tiiny be 
represented m faking place in two stage* 

Zn F H 3 HU 4 7mKC\ + ll 3 

Klati Had Hut|#l*tsrir AH*t |*r«ft»e« i4si||il»|p «f %itm «n4 ityttfugota 

And then 



The hydrogen in, an it wore, translated electro¬ 
chemical ly into copper during the round of changes, and 
so while the 7,inr dissolves away the copper grown, the 
dilute sulphuric tend gradually changing into sulphate of 
zinc, and the sulphate of copper into sulphuric acid. In 
the case in which a solution of sulphate of zinc, is used 
there is no need to consider any hydrogen atoms, copper 
being exchanged chemically for zinc. There, is therefore 
no polarization so long as the copper solution is saturated ; 
and the cell is very constant, though not so constant in 
all cases as Clark’s standard cell described in Ark 188, 
owing to slight variations in the electronudive.-forco as 
the composition of the other fluid varies. When sul¬ 
phuric acid diluted with twelve parts of water is used the 
E.M.F. is IT78 volts. The K.M.K. is H>7 volts when 
concentrated zinc sulphate is used ; IT volts when a half¬ 
concentrated solution of zinc sulphate is used ; and, in 
the common cells made up with water or dilute acid, 
IT volts or less. Owing to its constancy, this battery, 
made up in a convenient fiat form (Fig, 1 CM!), has beam 
much used in telegraphy. It is indispensable in those 
“ closed circuit ” methods of telegraphy (Ark 500), where 
the current is kept always flowing until interrupted by 
signalling. 

182 . Grove’s Cell,-“-Sir William drove devised a 
form of cell having both higher voltage and smaller 
internal resistance than DanielPs evil. In drove's 
element there is an outer cell of glazed ware or of 
ebonite, containing the amalgamated zinc plate and 
dilute sulphuric acid. In the inner porous cell a piece 
of platinum foil serves as the negative pole, and it clips 
into the strongest nitric acid, Thera is no polarization 
in this cell, for the hydrogen liberated by tint solution of 
the zinc in dilute sulphuric acid, in passing through the 
nitric acid in order to apjvar at the platinum pole, de- 


gas does not, however, produce polarization, for as it is 
very soluble in nitric acid, it does not form a film upon 
the face of the platinum plate, nor does it, like hydrogen, 
set up an opposing electromotive-force with the zinc. 
The Grove cells may be made of a flat shape, the zinc 
being bent up so as to embrace the flat porous cell on 
both sides. This reduces the internal resistance, which 
is already small on account of the good conducting 
powers of nitric acid. Hence the Grove’s cell will 
furnish for three or four hours continuously a strong 
current. The E.M.F. of one cell is about 1*9 volts, and 
its internal resistance is very low (about OT ohm for the 
quart size). A single cell will readily raise to a bright 
red heat two or three inches of thin platinum wire, or drive 
a small electromagnetic engine. For producing larger 
power a number of cells must be joined up in series, the 
platinum of one cell being clamped to the zinc of the next 
to it. Fifty such cells, each holding about a quart of 
liquid, amply suffice to produce an electric arc light, a3 
will be explained in Lesson XXXIX. 

183. Bunsen’s Cell.—The cell which bears Bunsen’s 
name is a modification of that of Grove, and was indeed 
originally suggested by him. In the' Bunsen cell the 
expensive * platinum foil is replaced by a rod or slab of 
hard gas carbon. A cylindrical form of cell, with a rod 
of carbon, is shown in Fig. 102. The voltage for a zinc- 
carbon combination is a little higher than for a zinc- 
platinum one, which is an advantage; but the Bunsen 
cell is troublesome to keep in order, and there is some 
difficulty in making a good contact between the rough 
surface of the carbon and the copper strap which connects 

* Platinum costs about SO shillings an ounce—nearly half as much as 
gold ; while a hundredweight of the gas carbon may be had for a mere trifle, 
often for nothing more than the cost of carrying it from the gasworks. An 
artificial carbon prepared by grinding up gas carbon with some carbonaceous 
matter such as tar, sugar residues, etc., then pressing into moulds, and 
bakiner in a furnace- is used both for hatterv nlates and for the carbon rods 


the carbon of one cell to the zinc of th« next. Thr top 
part of tin* carbon in sometimes 
impregnated with paralHn wax to 
keep the acid from creeping up, 
and electrotyped with copper. 
Fig. 103 show# the usual way of 
coupling up A series of five rnwh 
eel la. The lhumenbt buttery will 
continue to furnish a current for 
a longer time than the tint Urove’s 
cells, on account of the larger 
<[uantity of neiil contained hy the. 
cylindrical pots.* 

Chromic. solution^ formed hy 
adding strong Httlphurie arid to 
solutions of bichromate of potash or of »t«ln, are often 
used instead of nitric acid, in cells of thin form. 



Fig. 102. 



Fig. 103. 


Soluble depolarizers in the form of chromic jmwaters am 
made by heating strong sulphuric acid ami gradually 
stirring into it powdered bichromate of soda* Tim pasty 
mass is then cooled and powdered. 

* Callan constructed a largo battery tn which Irrni formed llio 
positive pole, being immersed in strong nitric add, the ssfii« dipping into 



3.84. Leclanche’s Cell.—For working electric bells 
telephones, and also to a limited extent in telegraphy, 
^Xnc-carhon cell is employed, invented by Leclanch6, in 
*^ich the exciting liquid is not dilute acid, but a solution 
^ ^alammoniac. In this the zinc dissolves, forming a 
0>l Vble chloride of zinc and ammonia, while ammonia gas 
hydrogen are liberated at the carbon pole. The de- 
P ^Wzer is the black binoxide of manganese, fragments of 
'^ich, mixed with powdered carbon, are held up to the 
kathode either by packing them together inside a 
pot or by being attached as an agglomerated block, 
oxide of manganese will slowly yield up oxygen as 



Fig. 104. 


required. If used to give a continuous current for many 
miniates together, the power of this cell falls off owing to 
the accumulation of the hydrogen bubbles ; but if left to 
itself for a time the cell recovers itself, the binoxide 
gradually destroying the polarization. As the cell is in 
other respects perfectly constant, and does not require 
renewing for months or years, it is well adapted for 
domestic purposes. It has the advantage of not containing 
corrosive acids. Millions of these cells are in use on 
“ op on-circuit ” service—that is to say, for those cases in 
will eli the current is only required for a few moments 





LcclanclnS cells are shewn joined Jn series in Pig, 10 f. 
Walker used sulphur in plan* **f mtde of manganese. 
Niaiulet employed bleaching powder puM-alied chloride of 
lime) as depolarizer, it being rii*h in chlorine and oxygon. 
Common salt may be used indeed of suhimmmuuc. 

Modi!ications of the Leelnuehe cell in which the 
excitant cannot he spilled art* uwd for portability. The 
space inside the cell is fdled up with a spongy or gelatinous 
mass, or even with plaster of Peris* in the p*»rrs of which 
the salanunoniac solution remains. They are known as 
dry cells. 

185. Lalando’s Coll— Thin cell belongs to (-lass If., 
having as depolarizer oxide of copper mechanically attached 
to a kathode of copper or iron. Tim a noth* in zinc, ami 
the exciting liquid is a 30 per rent solution of emwtie 
potash into which the zinc difwolve« (forming zineate of 
potash), whilst metallic copper w reduced in a granular 
state at the kathode. It has only 0*8 to 01 ) volts of 
E.M.F., but is capable of yielding a large and constant 
current. 

180. De la Rue’s Battery.— Do la Hue nmatrurted 
a constant cell belonging to Uluw III., in which zinc and 
silver are the two metals, the zinc being immersed in 
chloride of zinc, and the silver embedded in a at irk of 
fused chloride of silver. As the zinc dissolves away, 
metallic silver is deposited upon the kathode, just uh the 
copper is in the Danudba cadi. Dn la line constructed 
an enormous battery of over 11,000 little cells. The 
difference of potential between the llrst zinc and last 
silver of this battery was over 11,000 volte, yet even 
so no spark would jump from the + to the ~ jude until 
they were brought to within lew than a quarter of ait 
inch of one another. With 8040 cells the length of 
spark was only 0*08 of an inc.h, or 0*1 cm. 

187. Gravity Oells.—Instead of employing a porous 


that the heavier liquid shall form a stratum at the bottom 
of the cell, the lighter floating upon it. Such arrange¬ 
ments are called gravity cells ; but the separation is never 
perfect, the heavy liquid slowly diffusing upwards. 
DanielTs cells arranged as gravity cells have been 
contrived by Meidinger, Minotto, Callaud, and Lord 
Kelvin. In Siemens 7 modification paper-pulp is used 
to separate the two liquids. The “Sawdust Battery” 
of Kelvin is a DanielTs battery, having the cells filled 
with sawdust, to prevent spilling and make them 
portable. 

188. Clark’s Standard Cell.—A standard cell whose 
E.M.F. is even more constant than that of the Daniell 


was suggested by Latimer 
Clark. This cell, which is 
now adopted as the inter¬ 
national standard cell, con¬ 
sists of an anode of pure 
zinc in a concentrated solu¬ 
tion of zinc-sulphate, whilst 
the kathode is of pure mer¬ 
cury in contact with a paste 
of mercurous sulphate. Pre¬ 
cise instructions for setting 
up Clark cells are given 
in Appendix B at the end 
of this book. Fig. 105 
shows, in actual size, the 



urm of the Clark cell. Its E.M.F. is 1*434 volts at 


15° C. 


Weston uses a cadmium anode immersed in sulphate 
>f cadmium and finds the cell so modified to give 1*025 
r olts at all ordinary temperatures. 

Yon Helmholtz has used mercurous chloride (calomel) 
nd chloride of zinc, in place of sulphates, in a standard 


189. Statistics of Colls. The following tahh 
gives the ehatlrtnuotive-foreea of the various hatterie 
enumerated : - 


Name. 


Anode, 


MxeiDutl 


Depolarizer. Kathode. 


(Ua»» 1. 

Volla {Wollaston, 
etc*.). 

SllUH) 


(Sululion of)! 

zitu* i n y so 4 


Zim* 


IUNO 4 


none 

noun 


Law 


Kirn* 


UySi >4 


none 


Copper 

'Lint inized 
I Silver 
Carbon 


Clam 11. 

Pog^Midorlf (Urn- 
net, Fuller, etc.), 
drove 
Brnmon . 

Leelanclm 
I Aland n . 

Upward . 

Fitch . 


Zinc 

Zinc 

Zinc 

Zinc 

Zinc 

Zinc 

Zinc 


Papst 

(>baoh (dry) 


Iron 

Zinc 


II-SO 4 


Kydr.tV 


Carbon 


II.jHt >4 
HaHC h 
NII 4 CI 

KHO 



in (’aH0 4 


UNO;, 
UNO;i 
Mn< >.4 
Cud 
Cl 

;CKb| l Na 

mu 


Platinum 

Carbon 

Carbon 

Carbon 

Carbon 

Carbon 

Carbon 

Carbon 


uncM 111 . 


I)anloll (Meldlngor, 
Minotto, etc.). 

Do la Kuo 
Mari6 Davy . 
Clark (Standard) . 
WoHton . 

Von Helmholtz 


Zinc 


Zinc 

Zinc 

Zinc 

Cadmium 

Zina 


GZaa IF. 


AccumukUoTB. 

(Plants, Faure, etc.) 


Load 


ZnS( ) 4 

ZnCl.j 

ZnH( >4 
ZnH( > 4 
0dSO 4 
ZuCl.j 


IbjHOa 


CtlHO* 


Ct»ppcr 


AjjfCl 

HgaSlL 

> 4 

HWt’la 


Silver 

('arbon 
Mercury 
Mercury 

Mercury 


Pb< ) a 


Lent l 


Appro 

matt 

Volt* 


1*0 to 1 
1 *0 to 
1*0 to 


2-1 


Hi 

H) 

Hi 

0‘H 

‘2*0 

1*1 

<H 

Vi 


K 


D 

V* 


DC 

D( 


9*1 to' 


190. Strength of Current.— The student must nc 
mistake the figures given in. the above table for ill 
strength of current which the various batteries wi 




circuit, as wel 1 as on their K.M.K 1 h«- 1* ^1 f Js ^ 
is independent ofit« m\\ and in determined »>M\ hi th. 
materials chosen and their condition. Tim 
depends on the size of the ndl, the conducting T U * J,!I r ‘ 
of the liquid, the fhiekmw of the liquid wlmh ll* 
current must traverse, etc, 

Thu definition of the ntnm&th of n cuir«>ii *■» 
follows : The strength of a ear rent is the *|utiiififn «;f <de. u u 
which flows past ttnij point of the tuemi in * m 
Suppose that at the mid of 10 i crotch «''» *- n * ' ;;l - 
electricity have passed through u circuit, thru the atcrag* 
current during that time has been s»| am!t*mh per 
or 2i amperes. Thu usual strength of mirreiifa ntrd m 
telegraphing over main linen is only from five t»* fm 
thousandths of an ampere. 

If in t seconds a quantify of electrirtft Im-* fl^urd 
through the circuit, then the current, (' during th.ii time 
is represented hy the equation 

o 

«* v 

t 

This should ha compared with Art. Hist. 

The laws whieh determine the strength or *|ii«nt it % *4 
a current in a circuit were lira!, emmeuitrtl hy Hr, <1, H 
Ohm, who stated them in the following law ; 

101. Ohm’s Law, The ear rent ronr*? dne> fhj sU the 
electro motim-f hr re, and ineemht m thr rrso m».v *./ the 
circuit ; or, in other won Is, any thing that make* thr 

M The turmn “Htmttfth of niireiit," ’MaMoUi of . «r« «i<I 

fashioned, and mean no morn than " emomi “ iu** 4 t*« Hwl u u* ij»« 
number of (iitifwrc# that ar*' ttowin^, Tin* Onur» *' atoiif^" *’ #n*| 

“int.nnHO, M ftH applied toeummtH, nintn ptwlviy th* m>m fltinit 
before Ohm's Uiw ww prapoHy dwTritifftfi*, «♦»! | M imlb nU-mi 

** quantity o.iUTtuiOt °aud ° InOmwlty tMur*ml**g mmoi n-jt hy tli** i*tiw 

a current flowing thrmiffh n circuit in which l burn N %nry w»ll 

innldn t,lm baftm-v or out • Hint I « in., no ^ 


E.M.F. of the cell greater will increase the current, while 
anytliing that increases the resistance (cither tin*, internal 
resistance in the cells themselves or the resistance of the 
external wires of the circuit) will diminish the current. 

In symbols this becomes 



where E is the number of volts, R the number of ohms 
of the circuit, and 0 the number of am'pnrs of current. 

Kample. —To find the current that can he sent through a 
resistance of f> ohms hy an M. M. F. of 120 tWAv. 20• 5 ~s<1 

((Motors. 

(See further concerning Ohm’s Law in Lesson XXXIII.) 
Ohm’s Law says nothing about the energy or power 
conveyed hy a current. The power of a current ia 
proportional both to the current ami to the electro¬ 
motive-force which drives it (see Art. *135), 

192. Resistance and Grouping 1 of Colls. —The 
internal resistances of the cells we have named differ very 
greatly, and differ with their size. Roughly speaking, we 
may say that the resistance in a Daniel 1*8 cell is about five 
times that in a Grove’s cell of equal size. The Grove’s 
cell lias indeed both a higher E.M.R and less internal 
resistance. It would in fact send a current about eight 
times as strong as the Daniell’s cell of equal size through 
a short stout wire. 

We may then increase the strength of a battery in 
two ways— 

(1) By increasing its E.M.F. 

(2) By diminishing its internal resistance. 

The electromotive-force of a cell being determined by 
the materials of which it is made, the only way to in- 


frequent in tlie telegraph service to link thus together 
two or three hundred of the flat Daniell’s cells ; and they 
are usually made up in trough-like boxes, containing a 
series of 10 cells, as shown in Fig. 106. 

To diminish the internal resistance of a cell the follow¬ 
ing expedients may be resorted to :—■ 

(1) The plates may be brought nearer together, so 
that the current shall not have to traverse so thick a 
stratum of liquid. 

(2) The size of the plates may be increased, as this 



Fig. 106. 


affords the current, as it were, a greater number of possible 
paths through the stratum of liquid. 

(3) The zincs of several cells may be joined together, 
to form, as it were, one large zinc plate, the coppers being 
also joined to form one large copper plate. Suppose four 
similar cells thus joined “in parallel, 55 the current has 
four times the available number of paths by which it 
can traverse the liquid from zinc to copper; hence the 
internal resistance of the whole will be only J of that of 
a single cell. But the E.M.F. of them will be no greater 
thus than that of one cell. 

It is most important for the student to remember that 
tlie current is also affected by the resistances of the wires 



















already groat, aa in telegraphing through a long line, it 
is little urn*, to diminish the internal resistance, if thin is 
already much smaller than the resistance of the lino wire. 
It is, on the, contrary, advantageous to increase, the num¬ 
ber of cells in series, though every cell adds a little to the 
total resistance. 

Kxttmph. If the line huu n iWatunre of 1<HW and live 
cells are used each of which has an K.M.F. of VI volt 
ami an internal redMijouv of ,M ohms, by Ohm’s baw 
the current will be 5*5 : in J?>; or 0*0054 ampere. If 
now eight cells are used* though the total resistance is 
thereby inerenwd from 1015 to 1040 ohms, yet the 
1'l.M.f, is increased from 5*5 to it’8 «WA», aud tho 
current to 0*0085 ttmpar* 

The K. M.F. of the singledlutd evils of Volta and Since 
is marked in the table as doubtful, for the opposing 
E.M.R of polarization sets in almost before the true RM.R 
of the cell can he measured. The different values assigned 
to other cells are accounted for by the different degrees of 
concentration of the liquids. Thus in the, Danielbs cells 
used in telegraphy, rntior only is supplied at first in 
the cells containing the zincs ; and the E.M.R of these 
is less than if acid or sulphate of zinc were added 
to the water. 

193. Other Batteries. Numerous other forms of 
battery have bean suggested by different electricians. 
Thorn are three, of theoretical interest only, in which, in¬ 
stead of using two metals in one liquid which attacks them 
unequally, two liquids are used having unequal chemical 
action on the metal. In these there is no contact of dis¬ 
similar metals. The first of these was invented by tho 
Emperor Napoleon 111. Both plates were of copper 
dipping respectively into solutions of dilute sulphuric acid 
and of cyanide of potassium, Hujtamtcd by a porous cell 
The second of these combinations, tine It* Wohler, employs 



invented by Dr. Fleming, the two liquids do not even 
touch one another, being joined together hy a second 
metal. In thin ease the liquids chosen are sodium per¬ 
sulphide and nitric, acid, and the two metals copper and 
lead. A similar battery might ho made with copper and 
zinc, using solutions of ordinary sodium sulphide, and 
dilute sulphuric acid in alternate cells, a bent zinc plate 
dipping into the first and second cells, a bent copper plate 
clipping into second and third, and so on ; for the electro¬ 
motive-force of a copper-sodium-sulphide-zinc combina¬ 
tion is in the reverse direction to that of a copper-sulplmric- 
acid-zinc combination. 

Upward proposed a chlorine battery, having slabs of 
zinc immersed in chloride of zinc and kathodes of carbon 
surrounded by crushed carbon in a porous pot, gaseous 
chlorine being pumped into the cells, and dissolving into 
the liquids to act as a depolarizer. It has an E.M.F. of 
2 volts. 

Bennett described a cheap and most efficient battery, 
in which old meat-canisters packed with iron filings 
answer for the positive element, and servo to contain 
the exciting liquid, a strong solution of caustic soda. 
Scrap zinc thrown into mercury in a shallow inner cup 
of porcelain forms the anode. 

Marid Davy employed a cell in which the zinc dipped 
into sulphate of zinc, while a carbon plate dipped into a 
pasty solution of mercurous sulphate. When the cell is 
in action mercury is deposited on the surface of the car¬ 
bon, so that the cell is virtually a zinc-mercury cell. It 
was largely used for telegraphy in Franco before the 
introduction of the Leelunchd cell. 

Obaoh’s dry cell has an outer cylinder of zinc which 
serves as a case, lined with plaster of Paris soaked in 
sal ammoniac ; with a central carbon kathode surrounded 
with binoxido of manganese mixed with erranhite. 


solution to which the chlorates of potash and. soda hav< 
Wen added. 

Papal. used an iron-carbon <*tdl with ferric uhloruh 
Hnlut ion us excitant. Ida* iron dissolves and chlorine i 
at t'uvt evolved, hut without polarization; the lujuh 
regenerating itself hy absorbing moisture from the air 
It is very constant hut of low MM. F. 

Jabluehkotf described a battery in whie.h plates o 
earhon and iron are placed in fused nitre ; tlu*. carbon i 
here, the electropositive element, being rapidly oonsumei 
in the liquid. 

Plante's and Faurc’s tia'oiuhtnj I>ttttn'iex f and drove 3 
<htx lltittsnj, are described in Arts. *108. 

'flu* st> railed Dry FIlo of Zamboni deserves notice 
It consists of a number of paper disks, routed with zin< 
foil on one side and with binoxide of manganese on th 
other, piled upon one another, to tlu*. number of som 
thousands, in a glass tube. Its internal resistance : 
enormous, as the internal conductor is the moisture < 
the paper, and this is slight; but its elcctromotive-forc 
is very great, ami a good dry pile will yield spark 
Many years may elapse before the zinc is complete! 
oddized or the manganese exhausted. In the Olarcnclo 
Laboratory at Oxford there is a dry pile, the poles \ 
whie.h are two metal bells: between them is hung a sma 
hrnnn ball, which, hy oscillating to and fro, slowly di 
charges the electrification. It has now been continuous! 
ringing the bells for fifty yeats. 

104, E Afoot of Hoat on Colls. If a cell 1 
warmed it yields a stronger current than when col 
This is eh icily duo to the fact that tlu*. liquids eondu 
better when warm, the internal resistance being there) 
reduced. A slight change is also observed in the MM. 
on heating ; thus tin*. K.M.F. of a Daniell’s cell is alar 
1 \ per cent higher when warmed to tlu*. temperature 



Clark standard cell the E.M.F. decreases slightly with 
temperature, the coefficient being 0*00077 per degree 
centigrade. Its E.M.F. at any temperature 0 may he 
calculated by the formula, 

E.M.F. = 1*434 [1 —0*00077(0—15)] volt 


Lesson XVI .—Magnetic Actions of the Current 

195. Oersted’s Discovery. — A connexion of 
some kind between magnetism and electricity had long 
been suspected. Lightning had been known to magnetize 
knives and other objects of steel; but almost all attempts 
to imitate these effects by powerful charges of electricity, 
or by sending currents of electricity through steel bars, 
bad failed* About 1802 Romagnosi, of Trente, vaguely 
observed that a voltaic pile affects a compass-needle. The 
true connexion between magnetism and electricity re¬ 
mained, however, to be discovered. 

In 1819, Oersted, of Copenhagen, showed that a mag¬ 
net tends to set itself at right angles to a wire carrying an 
electric current He also found that the way in which 
the needle turns, whether to the right or the left of its 
usual position, depends upon the position of the wire that 
carries the current—whether it is above or below the 
needle,—and on the direction in which the current flows 
through the wire. 

196. Oersted’s Experiment.—Very simple appa¬ 
ratus suffices to repeat the fundamental experiment. Let 
a magnetic needle be suspended on a pointed pivot, as 
in Fig. 107. Above it, and parallel to it, is held a stout 

* Down to tliis point in these lessons there lias been no connexion 
"between magnetism and electricity, though something has been said about 
each. The student who cannot remember whether a charge of electricity 
does or does not affect a magnet, should turn back to what was said in 


copper wire, one, end ot which in joined to one pole of a 
battery of one or two cells, r I he other end of (he. wire, 
i« then brought into eontnet with the other ]»ole of the 
battery* As soon an the circuit in completed.the current 
flown through the wire, and the needle turnn brinkly aside. 
If the cuiTent he flowing along the wire abort' tin* needle 
in the direction from north to south, if will cause, the 



N-aeoldng end of the needle to turn eastwards ; if the 
current down from south to north in the wire the N-seek- 
ing end of the needle will he deflected westwards. If the 
wire, in, however, Mow the needle* tin* motions will he 
reversed, and a current flowing from north to south will 
cause the N seeking |M»te to turn westwards, 

107, Ampere's Bulcx— 1 To keep these movement# 
in memory, Ampere auggested the following fanciful but 
useful rule. tfuppom a man mnmmimj in the wire with 
the current , and that he turm m am to face the needl<\ then 
the N-mdnmj pah of the needle will he deflected toward® his 
left hand. In other words, the deflexion of the N-seek¬ 
ing pole of a magnetic needle, as viewed from the con¬ 
ductor, in towards the left of the current. 



Anijeh’tfs tilde will be found <*f >nvtmISuppose a man 
swimming in the wire with the riirmit, and that lie turnn 
so as to look along the direction of the lino* of Wee of 
the polo (ie. as the. linos of force run, from the pule if it 
be N-aeeking, towards the pole if if be S Keeking), then he 
and the conducting wire with him will be urged toward 
his left* 

198. Corkscrew Rule. More convenient in the. 
following rule, suggested by Maxwell. The direction of 
the current and that of the result inn vaajnetie force are 
related to one another, as are the rotation 
and the forward travel of an ardinartj (right- 
handed) eorherew. In Fig. 108, if the 
circle, represents the circulation of current, 
the arrow gives the direction of the result¬ 
ing magnetic force. One advantage of 
this rule is, that it is equally applicable, 
in the other ease. If the arrow represents the direction 
of the current along a straight wire, the circle will 
represent the direction of the resulting magnetic force 
around it 

199. Q-alvanoscopa.» - A little consideration will 
show that if a current be carried bdmo a needle in one 

direction, and then hack In the, opposite 
direction aba re the needle, by bending 
the wire round, as in Fig. 100, the 
forces exerted on the needle by both 
portions of the current will be in the 
same direction. For let a be the 
N-seeking, and b the Sleeking, pole 
of the suspended needle, then the 
tendency of the current in the lower 
part of the wire will bo to turn the 
needle so that a comes towards the observer, while b 

wKiwilu . J /I.-.1 5 1 -I 




Fig. 108, 


will not stand out c<unpletely at right angles to tin 
direction of the wire conductor, hut will take an obliqin 
position, The directive forces of the earth’s magnetisn 
are tending to make the needle point liorth-and-soutk 
The electric current is acting on the needle, tending 
to make it act itself west-am l-east. The resultair 
force will he in an oldique direction between these 
and will depend upon the relative strength of the tw< 
conflicting forces. If the current is very strong tin 
needle, will turn widely round ; hut could only turn com 
pletely to a right angle, if the current were infinitely 
strong. If, however, the current is fee hie in eomparisoi 
with the directive magnetic force, the needle will tun 
very little. 

This arrangement will, therefore, serve roughly as i 
G-Alvimoscope or indicator of currents ; for the move 
ment of the needle shows the direction of the current 
and indicates whether it is a strong or a weak one 
Thin apparatus is too rough to detect very delicate cur 
rents. To obtain a more sensitive instrument there ar 
two possible courses; (i.) increase the effective aetioi 
of the current hy carrying the wire more than one 
round the. needle ; (ii.) decrease the opposing directiv 
force of the earth’s magnetism by some componaatin 
contrivance. 

200. Sohwelgger’s Multiplier.— The first of th 
above suggestions was carried out by Kehweigger, wh 
constructed a mnltiplur of many turns of wire. A suit 
able frame of wood, brass, or ebonite, is prepared t 
receive the wire, wbieh must be u insulated,” or eovere 
with silk, or cotton, or guttapercha, to prevent ill 
tie plicate turns of the (‘.oil from coming into contact wit 
each other. Within this frame, which may be eircula 
elliptical, or more usually rectangular, as in Fig. 110, tl 
needle in suspended, the frame being placed so that tl 


deflexion produced by the passage of equal quantities of 
current. But if the wire is thin, or the number of turns 
of wire numerous, the 


resistance thereby offered 
to the flow of electricity 
may very greatly reduce 
the strength of the current. 
The student will grasp the 
importance of this observa¬ 
tion w r hen he has read the 
chapter on Ohm’s Law. 
Gumming, of Cambridge, 
appears to have been the 
first to use a coil surround¬ 
ing a pivoted needle to 



\r 


measure the current To him we owe the term Gal¬ 


vanometer. 


201. Astatic Combinations.—The directive force 


exercised by the earth’s magnetism on a magnetic needle 
may be reduced or obviated by one of two methods :— 

(a) \JSamfs Method ]. By employing a compensating 
magnet An ordinary long bar magnet laid in the mag¬ 
netic meridian, but with its N-seeking pole directed 
towards the north, will, if placed horizontally above or 
below a suspended magnetic needle, tend to make the 
needle set itself with its S-seeking pole northwards. If 
near the needle it may overpower the directive force of 
the earth, and cause the needle to reverse its usual posi¬ 
tion. If it is far away, all it can do is to lessen the 
directive force of the earth. At a certain distance the 


magnet will just compensate this force, and the needle 
will be neutral. This arrangement for reducing the 
earth’s directive force is applied in the reflecting galvano¬ 
meter shown in Fig. 122, in which the magnet at the 
top, curved in form and capable of adjustment to any 
height, affords a means of adjusting the instrument to the 

ripen vprl rlpor-ppp nf ctp-nci+iTTP-n pciq Trtr T*QiQinor rvn l/YarPYvir»ri> if 



(h j X oh ill's Mtihml |. 1 »y using an astatic pair ol 

magnetic needles. If two magnetized needles of e<jual 
strength and size are hound together by a light wire ol 

brass, or aluminium, in 
reversed positions, as shown 
in Fig. Ill, the force urging 
one to set itself in the mag' 
netie meridian is exactly 
eotmterbalaneed by the forct 
that acts on the other. Con 
sequently this pair of needle* 
will remain in any positioi 
in which it is set, and ii 
independent of the earth 5 ! 
magnetism. Such a com 
hi nation is known m an astatic pair. It is, how 
ever, di then It in praetiec to obtain a perfectly astatf 
pair, since it is not easy to magnetize two needles exactly 
to ec|Uid strength, nor is it easy to iix 
them perfectly parallel to one another. 

Such an astatic, pair is, however, readily 
deflected by a current flowing in a wire 
coiled around one of the needles ; for, 
m shown in Fig. 112, the current 
which hows above one needle and 
below the other will urge both in the 
same direct ion, because they are already 
in reversed positions. It is even pos¬ 
sible to go further, and to carry the 
wire round both needles, winding the coil around th 
tipper in tint opposite sense to that in which the coil ; 
wound round the lower needle. Several other astati 
combinations are possible. For example, two needk 
may be set vertically, with similar poles upward, at th 
ends of a pivoted horizontal strip of wood or brass, 

VT . .V! t I 4 tin n<)4 wl « t t 



Fig. m. 




a very sensitive instrument, the* Auhttii 1 t o//r*ue<m*n , 
shown iu Fig. I H), The B|h»cih 1 form* <•!' gnhaimtimter 
adapted for the measurement of currents are t!r» rihnl 
in the next lesson. 


202. Magnetic Field dim to Current : Mwrmttio 
Whirls. —Arago found that if a eurrent he panned 
through a ])ieee of cop pm’ wire it heroines capable of 
attracting iron filings to it ho long m the eurrent llmui 
These filings set themselveH at right angles lit the win*, 
and cling around it, hut drop oil* when the circuit is 

hi/' around the 
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broken. There is, then, a nmgnetie 
wire which carries the 
eurrent; and it is im¬ 
portant to know how the 
lines of force are dis¬ 
tributed in this field. 

Let the central spot in 
Fig. 113 represent an im¬ 
aginary cross-section of the win*, and let us support* th* 
current to he (lowing hi through the paper ut that point, 
Then by Ampere’s rule a magnet needle placed below will 
tend to set itself in the position shown, with its N |mle 
pointing to the left.* The current will urge a needle 
above the wire into the reverse position. A needle on 
the right of the current will set itself at right angles fu 
the current (■ i.e . in the plane of Urn paper), am! with its 
N pole pointing dow7i } while the N polo of a needle on 
the left would bo urged up, In fact tlm tendency would 
he to urge the N pole round tlm conductor in the same 


x If tlio Htudmit )mh any dilllculfy in applying AmpPre'H rutt> to Oil* 
caso and the othm\s which Hucoeod, ho whould carefully Pillow mil tint fn»U 
lowing mental operation. (humidor the «pot marked ** in ** m « hub* in 
the ground info which Urn current In Hewing and inU» which h»» div«n 
hcad-forotuoHf. While, in the hole In* imiKf turn round ho m to face each 
of the jmiKnotH in NticccHHion, and remember that, in each vim' lh« N* 


way hh the hands of a watch move ; while the >S pol< 
won hi he urged in the opposite cyclic direction to that o: 
the hands of a watch. If the current in reversed, and ie 
regarded m flowing towards the, reader, i.c, coming uj: 
out of the plane of the paper, m in the diagram of Fig 
I i 1, then the motions would he just in the reverse sense, 
It would M*em from this as if a N-seeking pole of a 
magnet ought to revolve, continuously round and round a 
current, ; but as we, cannot obtain a magnet with one 
pole only, and as the K-seeking pole is urged in an oppo¬ 
site direction, all that occurs is that the, needle sets itself 
as a tangent to a circular curve 
II | surrounding the conductor. The 




field surrounding the eonductoi 
consists in fact of a sort of en¬ 
veloping magnetic whirl all along 
it, the whirl being strong neai 
the wire and weaker farther away 
This is what Oersted meant when 


he described the electric current 


nr# as acting u in a revolving manner J 

upon the magnetic needle. Tin 
field of force, with its circular lines surrounding a curren 
flowing in a straight conductor, can Ive examined experi 
mentally with iron filings in the following way : A can 
is placed horizontally and a stout copper wire is passex 
vertically through a hole in it (Fig. 115). Iron filing 
are sifted over the card (as described in Art. 119), and i 
strong current from three or four large cells is pussei 
through the wire. On tapping the, card gently the filing 
near the wire set themselves in concentric circles round il 


It is because of this surrounding field that two con 
duetors can apparently net on one another at a distance 
If both currents are flowing in the same direction, thei 
magnetic fields tend to merge, and the resulting stress i: 

* fit Oirritfltm* wtfli rttt fittm! 


directions the stresses in the intervening magnetic field 
tend to thrust them apart (see also Art. 3HJ)). 

It is known that energy lmw to he spent in producing 
any magnetic held. When a current is turned on in a 
wire the magnetic held grows around the wire, some of the 
energy of the battery being used during the growth of 
the current for that purpose. One reason why electric 
currents do not indantly rise to their final value is be¬ 
cause of the reactive effect of this surrounding magnetic 
held. No current can exist without this surrounding 
magnetic field. Indeed it is impossible to refute the 
proposition that what we commonly call an electric 
current in, a wire really is this external magnetic 
whirl. 

203. Equivalent Magnetic Shell : Ampere’s 
Theorem.—For many purposes the following way of 
regarding the magnetic at*.lion of electric currents is 
more convenient than the preceding. Suppose we take 
a battery and connect its terminals by a circuit of wire, 



and that a portion of the circuit he twisted, as in Fig. 116, 
into a looped curve, it will be found that the entire space 
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the loop, an viewed from above, in the same direction as 
the hands of a clock move round ; an imaginary man 
swimming round the circuit and always lacing towards 
the centre would have his left, side down. By Ampere’s 
rule, then, a N pole would bo urged downwards through 
the, loop, while a S polo would he urged upwards. In 
fart the space enclosed hy the loop of the circuit behaves 
like a magnetic slull (see Art. 1 18), having its upper face 
of S-necking magnetism, and its lower face of N-seeking 
magnetism. It can he shown in every ease, that a closed 
voltaic circuit is equivalent to a mayncMe shell whose 
edges coincide in position with the circuit, the shell being 
of such a strength that the number of its lines of force is 
the same us that of the lines of force due to the current 
in the circuit. The circuit acts on a magnet attracting 
or repelling it, and being attracted or repelled hy it, just 
exactly as its equivalent magnetic shell would do. Also, 
(he circuit itself, when placed in a magnetic Held, experi¬ 
ences the game force, as its equivalent magnetic shell 
would do. 

204. Maxwell's Rule.— -Professor Clerk Maxwell, 
who developed this method of treating the subject, has 
given the following elegant rule for determining the 
mutual action of a circuit and a magnet placed near it. 
Kerrij portion of the circuit is acted upon hy a force 
urging it in such a directum as to wake it enclose within 
its embrace (he greatest possible number of lines of force. 
If the circuit is fixed and the magnet movable, then the 
force acting on the magnet will also he such as to tend tc 
make the number of lines of force that pass through the 
circuit a maximum (see. also Art. 34!)), 

This is but one case of the still more general law 
governing every part of every electromagnetic system, viz. 
Kerry electromagnetic system tends so to change the con 
jiguratim of its parts as to make the jinx of magmti 


ceding remarks may be illustrated experimentally by the 
aid of a little floating battery. A plate of zinc and one 
of copper (see Fig. 117) are fixed side by side in a large 
cork, and connected above by a coil of several windings of 
covered copper wire. This is floated upon a dish contain¬ 
ing dilute sulphuric acid. If one pole of a bar magnet be 
held towards the ring it will be attracted or repelled 
according to the pole employed. The floating circuit will 
so move as to make the flux of magnetic lines through the 



Fig. nr. 


coil a maximum. If the S pole of the magnet be pre¬ 
sented to that face of the ring which acts as a S-seeking 
pole (viz. that face round which the current is flowing in 
a clockwise direction), it will repel it. If the pole be 
thrust right into the ring, and then held still, the battery 
will be strongly repelled, will draw itself off, float away, 
turn round so as to present toward the S pole of the 
mao-net its "M-Rp.p.kmo- face, will then be attracted un. and 











which position as many magnetic lines <»f force ns possible 
cross the area of tin* ring. 

it can be shown also that two circuits traversed by 
currents attract and repel out* another just as two magnetic 
shells would do. 

It will be explained in Lesson X XX 1. on Kleetronmgnets 
how a piece of iron or steel ran be magnetized by causing 
a current to flow in a spiral wire round it. 

200, Strength of tho Oummt in Magnetic 
Measure. When a current thus acts on a magnet pole 
near it, the foree/ which it exerts will be proportional to 
the strength 0 of the current, and proportional also to the 
strength m of the magnet, pole, and to the length / of the 
wire employed : the force exerted between each element 
of the circuit and the pule will also vary inversely as the 
square, of the distance r between them. If tin* wire is 
looped into a circular coil with the. magnet pole at the 
centre, so that eaeh portion of the circuit is approximately 

at the same distance from the pole, / * ^ dynes. 

Huppose the wire looped up into a circle round the magnet 

**irt • 

pole, then h 2rrr, and / ■■“ ^ ' m dynes, Suppose also 

that the circle Is of one centimetre radius, and that the 
magnet pole is of strength of one unit (nee Art, 
then the force exerted by the current of strength (! 

will be x 1, or 2srU dynes. In order, therefore, that 

a current of strength 0 should exert a force of (1 dynes on 
the unit pole, one must consider the current ns travelling 

round only part of tin* circle, or round a portion of the 

circumference equal in length to the radius. 

207. Unit of Current.* —A current is mid to have ii 
strength of one u absolute ” unit when it in such that if 
one centimetre length of the circuit is bent into an are of 


centre of the arc. The practical unit of u one ampere ” is 
only -Aj of this theoretical unit (see also 
Art. 354). 

If the wire, instead of being looped into a 
coil, is straight and of indefinite length, the 
force which the current in it exerts upon a 
pole of strength m placed at point P near 
it will he found to vary inversely as the 
simple distance (not as the square), and the 
pole will tend to move at right angles both 
to the wire and to the line OP. In Fig. 118 
the descending current will (according to 
the corkscrew rule above) tend to drive a N pole at P 
towards the spectator. If the current is C amperes the 
force (in dynes) on the pole of m units will (see Art. 343) be 

/= 2??iC/l0r. 

Example.—T he force exerted by a current of 60 amperes in a 
long straight conductor upon a pole of 200 units placed 
2 centimetres away from it will be 1200 dynes, or 
(dividing by # = 981) about 1*22 grammes’ weight. 


Lesson XVII .—Galvanometers 

208. The term Galvanometer is applied to an 
instrument for measuring the strength of electric currents 
by means of their electromagnetic action. There are 
two general classes of Galvanometers: (1) those in which 
the current flowing in a fixed coil of wire causes the 
deflexion of a pivoted or suspended magnetic needle ; (2) 
those in which the current flowing in a movable coil 
suspended between the poles of a fixed magnet causes the 
coil to turn. There is a third kind of instrument (called 
for distinction electrodyyiamometer, see Art. 394), in which 
both the moving part and the fixed part are coils. These 
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The simple 1 arrangement deserihed in 
termed a u (lal vntioseope,” «*r current h 
could not rightly he ti-nut'il a “gnlvnnomete 
mva$urn\ because its indicutions were only 
quantitutne. r Pht* indications of the needh 
accurate knowledge an to the exact siren 
flow tug through the instrument, A goo< 
must fulfil the essentia! condition that its 
really im'asmr tin*, strength of tin* current 
way. If should ul he* suHieiently hoi 
currents that are to be measured to a 
galvanometer adapted for measuring very 
(nay a current. <if only one. or two million 
ttm}ni't} will not he suitable, for measuri 
currents, such as are used in electric, ligh 
plating. Large currents need thick wires ; a 
turns will milker. If very small currents 
needle, they must circulate hundreds or tbo 
around it, and therefore a coil of many turns 
and the. wire may he a very line, one. M 
current to he measured has already pas 
e ire nil of great resistance (as, for example, 
telegraph wire), a galvanometer whose coil 
consisting only of a few turns of wire, wil 
ami a long-roil galvanometer must he t 
many hundreds or even thousands of tun 
wire round the needle. The reason of th 
hereafter (Art. 408). Hence it will he sec 
styles of instrument are needed for <1 i 11* 
works; hut of all it is required that the 
quantitative measurements, that they shouh 
sensitive for the current that Is to he mens 
that current without overheating. 


209. Methods of Control.—In all instrument? 
hether the moving part be a magnet or a coil, some * on- 
oiling force is needful, otherwise the verv smallest 
Lrrent would turn the index completely about. If small 
Lrrents are to produce a small deflexion, and larger 
□rents a larger, there must he forces tending to control, 
jveral means of control may be used. These are :_ 

(a) Earth's Magnetic Force .—When the needle is hung 
i pivot or fibre, the earth’s magnetic force tries to hrimr 

back into the magnetic meridian. This is the com- 
Lonest method in galvanometers with moving needles. 

(b) Torsion of Wire .—Moving part in turning twists the 
ispending wire, which then tries to untwist, with a force 
hich increases as the angle of deflexion. This method 

commonest in galvanometers with suspended coils. 

(c) Gravity. —If needle is pivoted on trunnions to move 
i vertical plane, it may he weighted at one end. 

(d) Permanent Magnet Control. —To render a needle 
.istrument independent of position, it may be arranged 
ith a powerful external steel magnet to bring the needle 
ack to zero. 

(e) BijUar Suspension. —A needle or coil hung by two 
arallel threads tends by gravity to return to its initial 
losition. 

To make an instrument very sensitive the control must 
>e weakened as much as possible. 

210. Methods of Observation.— There are the 
olio wing methods of using galvanometers in making 
observations :— 

(i) Deflexion Method. —The angle through which the 
moving part (whether needle or coil) is deflected 
is read off on a scale, by pointer or reflected 
beam of light, when the moving part has come 
to rest. This is the commonest method. 

(ii.) Torsion Method .—The moving part is suspended by 
a wirfi from a torsio head, which is turned round 


controlling force then balancing the deflecting 
force. This very accurate method, due to 
Ohm, is used in Siemens' electrudynnmometer 
(Art.' TJd). 

First Stritoj Mdloul. Instead of waiting lor 
moving part to come to rest the first siriinj may 
he. observed. Thin method, which is the only 
one practicable tor sudden discharges, or for 
transient currents, is culled the hit l list is method 
(see Art. 218), tf the moving pari, is not, 
damped in its motion the first swing on turning 
on a hattery runvnt is e\nelly twiee the angle 
at which the. del!e\ioU settles down. 

Unrillation MitlouL I usUxulof ohservingdetlexion, 

the time of oscillation of the needle may he 
observed, the coil being in this method set at 
right angle* to the magnetic meridian. Allmv» 
unee must be made, uh in Art. Khi, for the 
earth’* magnetism. 

(JnniultUtw Method- For very minute currents a 
method is sometimes adopted to get up a 
measurable swing by reversing the current (by 
hami) as the needle swings through zero. Some¬ 
times a rotating commutator of special construe- 
tion is employed to produce, and aeeumulate, 
the suceeamve impulses. 

Null Mntfwd»*~ In many eases combinations are 
used (Wheatstone** « Bridge, n 41 Bitlcrcntiul 
Galvanomciters,*’ etc.) of nueh a kind that when 
the conditions of electrical equilibrium are 
attained no current will flow through the 
galvanometer in the circuit. Such methods, 
win eh are generally exceedingly aee urate, are 
known an null tmtlmth. For such methods 
sensitive galvanometers are applicable, hut the 


instrument. constructed by Nobili, consist,!ng of an astatic 
j)air of needles delicately hung, bo that the lower one lay 
within a roil of wire, wound upon an ivory frame (Kig. 
119), was tor long the favourite form of sensitive galvano¬ 
meter. The needles of this instrument, being independent 
of the earth’s magnetism, take their position in obedience 
to the torsion of the fibre by which they are hung. The 
frame on which the coil is wound must, bo set carefully 
parallel to the needles ; and three screw feet, serve to 
adjust, the base of 
the instrument level. 

Protection against 
currents of air is 
afforded by a glass 
shade. When a cur¬ 
rent is sent through 
the wire coils the 
needles move to right 
or left over a gradu¬ 
ated circle. When the 
dellexions are small 
(i.e. less than 1 0*’ or 
15") they are very 
nearly proportional 
to the strength of llie 
currents that produce 
them. Thus, if a current produces a deflexion of 6° it is 
known to he approximately throe times as strong as a 
current which only turns the needle through 2”. Tut 
this approximate proportion ceases to be true if the 
deflexion is more than 1 f) u or 20° ; for then the needle 
is not acted upon so advantageously by the current, 
since the poles arc no longer within the coils, but are 
protruding at the side, and, moreover, the needle being 
ohlio u to the force actimr on it, part only of the force 




tliu needle along its length. It in, however, possibl 
calilwatc the galvanometer ~ * that in, to ascertain 
special measurements, or by comparison with a stand 
instrument, to what strengths of current partioi 
amountH of detlexion correspond. Thus, suppose it c 
known that a detlexion of 3:2“ on a particular galvc 
meter is produeed by a current of t of an ampere, t 
a current, of that strength will always produce on ' 
instrument the same detlexion, unless from any aeon 
the controlling force has been altered. 

212. The Tangent G*al vanometer. —Tt is nc 
for the reasons mentioned above - possible to eonstru* 



Fig. 120. 


galvanometer in which the tmjh (as measured in dej 
of arc) through which the needle is deflected is proport 

xl . A ..j, ‘ i . ...t 1 . Jk ,,, ...it. tW nut** 


>HAP. Ill 


TANGENT GALVANOMETER 


199 


in which the tangent* of the angle of deflexion shall be 
accurately proportional to the strength of the current. 
The essential feature of all tangent galvanometers is that 
while the coil is a large open ring the needle is relatively 
very small. Pig. 120 shows a form of Tangent Gal¬ 
vanometer suitable for large currents. The coil of 
this instrument consists of a simple circle of stout copper 
wire from 10 to 15 inches in diameter. Other tangent 
galvanometers have many turns of fine wire wound upon 
a large open ring. At the centre is delicately suspended 
a magnetized steel needle not exceeding 1 inch in length, 
and usually furnished with a light index of aluminium. 
The instrument is adjusted by setting the coil in the 
magnetic meridian, the small needle lying then in the 
plane of the coil. 

The “field” due to a current passing round the 
circle is very uniform at and near the centre, and the 
lines of force are there truly normal to the plane of 
the coil. This is not true of other parts of the space 
inside the ring, the force being neither uniform nor 
normal in direction, except centrally in tbe plane of the 
coil and along the axis. The needle being small, its poles 
are never far from the centre, and hence never protrude 
into the regions where the field is irregular, f "Whatever 
magnetic force the current, in the coil can exert on the 
needle is exerted normally to the plane of the ring, and 
therefore at right angles to the magnetic meridian. As 
the two forces—that due to the current and that due to 
the controlling magnetism of the earth—act squarely to 

* See note on Ways of Beckoning Angles, p. 133. 

t In order to ensure uniformity of field, Gaugain proposed to hang the 
needle at a point on the axis of the coil distant from its centre by a distance 
equal to half the radius of the coils. Helmholtz’s arrangement of two 
parallel coils, symmetrically set on either side of the needle, is better; and a 


one another, the action of the current will not he measured 
by equal degrees marked out around a circle, hut will 
he measured by equal divisions along a tangent line, as 
shown below. Now, it was proved in Art. 137 that 
the magnetic force which, acting at right angles to the 
meridian, produces on a magnetic needle the deflexion 8 
is equal to the horizontal force of the earth’s magnetism 
at that place multiplied by the tangent of the angle of 
deflexion. Hence a current flowing in the coil will turn 
the needle aside through an angle such that the tangent of 
the angle of deflexion is proportional to the strength of the 
current. 

Example.— Suppose a certain battery gave a deflexion of 
15° on a tangent galvanometer, and another battery 
yielding a stronger current gave a deflexion of 30°. The 
strengths currents are not in the proportion of 15 :30, 
but in the proportion of tan 15° to tan 30°. These 
values must be obtained from a table of natural tangents 
like that given in Appendix A, from which it will he 
seen that the ratio between the strengths of the currents 
is *268 : '577, or about 10 : 22. 

Or, more generally, if current C produces deflexion 5, and 
current C' deflexion d', then 

C : C'=tan 8 : tan 8 f . 

To obviate reference to a table of figures, the circular' 
scale of the instrument is sometimes graduated into 



circle, ns in Fig. I ii 1, and along Huh line let any number 
of equal divisions In* net oil’* beginning at (>. From 
these point.H draw back to tin* emit re. The circle will 
thus be divided into a number of pieeeH, of which flow 
near 0 are nearly equal, but. which get Handler and 
.smaller away from O. These unequal pieces correspond 
to equal increments of the tangent. If the scale were 
divided thus, the. readings would he proportional to the 
tangents. It is, however, harder to divide an arc into 
tangent lines with accuracy than to divide it into equal 
degrees; hence this graduation, though convenient, is not 
used where great accuracy is needed. 

213. Absolute Moasuro of Current by Tangent 
Galvanometer.-■ -The strength of a current may he 
determined in u absolute ” units hy the aid of tin 1 tangent 
galvanometer if the “ constants ” of the instrument are 
known. The tangent of the angle of deflexion repre 
wonts (see. Art. 137; the ratio between tin* magnetic, force 
due to the current and the horizontal component of the 
earth’s magnetic force. Both these forces act on the 
needle, and depend rynttlly upon the magnetic, moment 
of the needle, which, therefore, w<3 need not know for 
this purpose. We know that the force exerted hy the 
current at centre of the coil is proportional to tin* 
horizontal force of the earth’s magnetism multiplied 
hy the tangent of the angle, of dellexion. These two 
quantities can he found from the iables, and from them 
we calculate the absolute value of the current us fol 
lows: -Let r represent tint radius of the galvanometer 
coil (measured in centimetres) ; its total length (if of one 
turn only) is Sirr. The distance from the centre to all 
parts of the coil is of course r. From our definition 
of tin* unit of strength of current (Art iJ()7), it follows 

^ x “, y force (in dynes) at centre, 


that 
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The quantity «tt r, or r if the cud ha* » turn#, 
in ho me times called the M constant ” or the ** principal 
constant " of the guhammirtrr ami denoted by the 
symbol {«. lienee the value of the current iu ilUftoIttfr 
(electromagimtie) units* will be »*\ preyed m 
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The constant 0 represents the «fof ttrU pro 
dured at the centre of the coil by unit current, 

214. Sine Galvanometer.™ The 4mml vantage of 
the tangent galvanometer just described h that it t« not 
very Hennitivc, henut»e the o»U m nm-A-tartly very btrgo 
an compared with the needle, ami therefore fur away 
from it, 4 galvanometer with a smaller eotl or a larger 
needle am hi not used m it tangent galvanometer, 
though it would be more sensitive, A up #ni«llive 
galvanometer In which the needle §# ditwlrd by flttt 
earlh’n magnetism can, however, he used m » Ulttii 
Galvanometer, provided the frame on which the roils 
arc wound in capable of being futiied r*»ttn«I a rent ml 
axis. When the instrument k m% const nmied, the 
following method of measuring currents in mliijtlful, 
Thu coils are first act |mrnllid t*» the needle f*U in the 
magnetic meridian) ; the tmrrtmi is then rent through 
it, producing a deflexion ; the coil itadf k rotated roittut 
in Urn wune mnwe, and, if turned round through a ti n!e 
enough angle, will overtake tin? ttinidlii, which will mife 
more lie parallel to the roil. In till* position two hmm 
are acting on the needle ; the directive f«»rre of the earth's 
mugnetinm acting along the magnetic meridian, iitnl the 
force due to the current pawing in tin? coil, which tends 
to thrust the poles of the needle nut nt right iinglu# * 
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in. fact there is a “ couple ” which exactly balances the 
“couple” due to terrestrial magnetism. Now it was 
shown in the Lesson on the Laws of Magnetic Force 
(Art. 136) that when a needle is deflected the “ moment” 
of the couple is proportional to the sine of the angle 
of deflexion. Hence in the sine galvanometer, when 
the coil has been turned round so that the needle once 
more lies along it, the strength of the current in the coil is 
'proportional to the sine of the angle through which the coil 
has been turned .* 

215. The Mirror Galvanometer.—When a gal¬ 
vanometer of great delicacy is needed, the moving parts 
must be made very light and small. To watch the 
movements of a very small needle an index of some 
kind must be used ; indeed, in the tangent galvanometer 
it is usual to fasten to the short stout needle a delicate 
stiff pointer of aluminium. A far better method is to 
fasten to the needle a very light mirror of silvered glass, 
by means of which a beam of light can be reflected on 
to a scale, so that every slightest motion of the needle 
is magnified and made apparent. The mirror galvano¬ 
meters devised by Sir W. Thomson (Lord Kelvin) for 
signalling through submarine cables, are admirable 
examples of this class of instrument. In Fig. 122 the 
general arrangements of this instrument are shown. 
The body of the galvanometer, consisting of a bobbin 

* Again the student who desires to compare the strength of two currents 
will require the help of a table of natural sines, like that given in Appendix 
A. Suppose that with current C the coils had to be turned through an 
angle of 8 degrees; and that with a different current C' the coils had to 
be turned through 8' degrees, then 



Kelvin’s “ Siphon Recorder.” The best known is that of 
D’Arsonval depicted in Fig. 125. Between the poles of a 
compound permanent steel magnet of 
U-shape is suspended by very thin 
hard-drawn silver wires an open coil of 
very fine wire wound on a light rect¬ 
angular frame. The current is led to 
and from the coil by the suspending 
wires. Within the suspended coil is a 
cylinder of soft iron, supported from 
behind, to concentrate the magnetic 
field. The vertical parts of the coil 
then hang freely in the two narrow 
gaps where the magnetic field is very 
intense. The force tending to turn the 
coil is proportional to the current, to 
the number of windings, and to the 
intensity of the magnetic field, so that by making the 
magnet very powerful the instrument 
becomes very sensitive. The elasticity 
of the suspending wires controls the 
position of the coil and tends to bring 
it back to its initial position. These 
galvanometers are independent of the 
earth’s magnetic field, and are not 
affected by magnets in their neigh¬ 
bourhood, so that they can be used 
in many places where other galvano¬ 
meters could not. They are also 
remarkably dead-beat. Some are 
provided with a pointer and a 
horizontal dial; others more usually 
have a mirror attached to the coil to 
reflect a spot of light. 

Most recent is the suspended-coil 
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Fig. 125. 



bring the reflected spot of light to the zero point at the 
middle of the scale. The feeblest current passing through 
the galvanometer will cause the spot of light to shift to 
right or left. The tiny current generated by dipping 
into a drop of salt water the tip of a brass pin and a 
steel needle (connected by wires to the terminals of the 
galvanometer) will send the spot of light swinging right 
across the scale. If a powerful limelight is used, the 
movement of the needle can be shown to a thousand 
persons at once. For still more delicate work an astatic 
pair of needles can be used, each being surrounded by 



Fig. 123. Fig. 124. 


its coil, and having the mirror rigidly attached to one of 
the needles. Such a form, with two bobbins, wound so 
as to be traversed by the current in opposite senses, is 
represented diagrammatically in Fig. 124. Such an in¬ 
strument, made with four bobbins, two in front and two 
behind the suspended needle system, and having on each 
bobbin about 2 miles of a wire about xoVif i n °h hi thick¬ 
ness, insulated by a coating of silk, is capable of showing 
by a deflexion of one division on its scale an exceedingly 
minute current, even down to one fifty-four thousand 
millionth part of one ampere. 

216. Suspended Coil Galvanometers.—These 
have been used by Sturgeon (1836), Yarley (1860), 
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(hrumjh th>‘ mil. Tin* charge *«f a « midmi *»t iua\ thun be 
measured by ilin* barging il through a hniiixtu gnUntto 
meter (sen Art. 4 l hit), Tin* ttrrdle iuu4 n»*t he dumped, 
210. Mothodn of Damping : Aporlodio Oh! 
vanomotorw, To prevent the needle IV*>m ^winging i, t 
and fm for a lotto time devices an* ti «ed to Aamp the 
motion, Thew mv: 

(it) Ait ihtmpin»j, A light vane alia* tied t«* needle 
brain agaitol tin* air and dump tin* nu4 *to hi tuts tot 
instruments tin* mirror itmdf dump*, puriumltrly if **m 
fined in a narrow chamber, 

(h) Oil iktmpitaj, A vatu* dips into nib 
(r) Man in tis pttmpiwj, tf tin* needle >*\ving» eh*u* |n 
or inside a ma^s of cupper, it will mh»ii mine to re**! 
by tviiHuii »»f the eddy currents p\rt, 4f»7; induced ttt tin* 
copper, I'Mdy currents damp the motion of the Mi«|*etnled 
coil in instruments of Umt vhm. 

The period of awing run Iw reduced by dimiuidnng 
the Wright and leverage of tilts moving |*trt* i«» «* to 
lessen their moment, of inertia. It run nbo tw< 1 evened 
(at the expense of the sennitivniow of tbs- instrument? by 
increasing the controlling fum*s, An inUniim nt w melt 
damped us to come t** iv.*t without pelting sip it periodic 
swing In culled uu apt r it nl it or iloid l»nt iuntrutticiit. 

220 , Voltmetora, or Potontia! G&lvano 

meters,—If any galvanometer be ««»inlni*fed with a 
very long thin wire of high renintnuee u,« it*-* roil, v* ry 
little current will How through it, but wlmi hub- mrioni 
IIowh will be, exactly piwjKirtiouni to the |»*itriitial dittri 
(*ncc that may be applied to the two emU of it# circuit, 
Such a galvanometer, mutably provided with % neate, will 
imlicatc the number of valu between its teriiiiinil#, 
Many forms of \ oh under galvanometers exist, but they 
all agree in the cNHetitutl of having a mil of u high renis! 
auee .Hometimen several fliotiniuid ohm**, The 



in of thin **lnw f tin* roil being delicately pivoted, ami 
controlled by a spiral spring, Any Henmtivc mirror gal¬ 
vanometer can bo used ua u voltmeter by simply adding 
externally to itn circuit a reNintiuieu aullicieutly grant, 
limn* art* also otlmr vollmetera that depend on electro 
static artions *» they an* a species of electrometer and are 
described in Art. *2‘J0. (lirdewV voltmeter (see Art. 4J10) 

differs from tin* above elms of instrunmnt, uml ronaintH 
of a long thin platinum win* of high resistance, which 
expands by lmntiug when it in emmeeted across a circuit, 
All voltmett*i'a arc placed tm atm at# across between tin* 
two points tIn* potential diH'craueo of which in to hi* 
measured, Thc\ arc never joined up in circuit an ampere¬ 
meters an*. 

221. Am pon mux torn, or Ammotam. A gnlvaun 
meter graduated »u» that its in*le\ i rads directly on the 
scale the number of amperes i Art, 


^uTi tlowing through the coil in called /* 
an Amp*mi$ritt\ Such instruments / S' \ \ 
were inlroilijeed in form for imbue **♦♦****, 

trial \m in 1 H7l> hy Ayrton itml 
berry. Many other forma were mde •' 
neipiently inventetl. in Ayrton ami ' fl j$ 

Perry’s iiwtrnnients (Fig, 127) t with I* jjh ' ,■>W ?'d >lf*| 

lire |iortitbliMiml‘hleml beut H tn act ton, J;fe 

the needle, whieh is oval in shape, i*i I 1 

placed between the poles of H powerful ^ 

permanent magnet to nostro! imdiree• } si 

itott and make it independent of the 
earth's magnetism, Hy a peculiar shaping of the pule- 
ptec oh, needle, and mil**, tin* angular didlrxmns lire pm 
jMirthmal to the strength of the delleeting current. Tlnw 
iuii|a*remetera are made with short mil* of very h»w tv**i*t 
auee ami few tiiriw of wire, Ayrton ami Perry nh«» 
arranged colt tatter# (Art, Hsloi in n similar form, but with 
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KI.K'THH'ITV AMD MAi.M'TIvM 


» lilt t 


commerce there an* a itumbri m wltirli ihvtv m mother 
magnet nor irtm, hut wliu-U defend u|*'ii iW ftitifmit 
forco between u fix***! and a ♦•*al H4\«*rwd h\ 

the current, Tin*,,. «re »with tit 
Art* ami an* «tuutde t*»f altniifitr 
currents a* well tw runt»nm*»m rtirmji.ii, 
Of this kind tin* So on u ** * l*'t-ir'»U im 
luotweter and the lirhtt! b 4<m» «■*, 

Otln*r m*trumcut» *0 |* a ml ih«* 

magnetic pn»jM*iti* *4 mm umbo 11**- 
influence of tlm current. Of thm **k^ 
am the Srhmkeri m Urnunnts r* f«n 
wmtrd tit Fig* ! UH. An tn*lr% joimI* 4 
in the axin of tm open roil carries u light -'.trip * *f «*"ft 
iron Keen endways at If. Another strip A »« ftmd 
within the coil The current iinwing round the **mI 
magneiizci these utripft and they r*’|»*d mm another. 
Gravity h here the controlling form. 

LlSMON XVIII, --t'urrrnt# prmlmat hy 

222. Faraday 1 * Disoovary. tn I I Inirmliiv 

discovered that currents run !«- induced m s * rlwd 
circuit by moving magnet* near it, os* by im*Yi»ig the 
circuit aerot* the magnetir field ; and lie fallow* 4 tt|# 
this discovery by finding that a rnrrmt wStow strength 
is changing may induce n secondary r nr rent in a rlwd 
circuit near it Huuh currents* whether generated l«% 
magneto or by other currents* aw known »« imUwtlmt 
Currents, And the action of a magnet **r mtmmt $n 
producing math induced current* k termed nitmimmmi 
netio (or magnutmeleetrie) induction, # «r »?ttt§4jf tin 



Flu. UfH. 


I'llU', 111 MAUN MW- IU,K( T1U<: IMJWTmN 


till 

durihau l*|iftn tins pritiuiplu nrv humnl thn nmtlurn 
ihjiUtMH Iiuu hiiu* fur grlUTUt ing fhnirir rUtTHltri JUui’hlUU* 
rally, m wnli ns im/mfum n*ih } i4itt*rnal**'niw*nt Imiu 
fount r* t and uftn-r H|>jtliuhn*H. 

293. Induction of Clummtn by Maaneta,-- If 
u mil nf tu utkfrd win* Is* nmttt'rtod in citvuit with n 
HtiUrirut tv <lrls*';ilr |*nlViinuinrirr, itn«i a mugnrt Hu ins«*rttu| 
rapidly nit** tin* In4low nf ihn r«»il nm in Kig. 1 Utt), it 

tuumuntiuy rurtvsit b \n| 

tu lluw natnd fIm rii*i nit whitu 
thn nmyjtH i» b* iui: mstctl intu 

tlm mil, So b * i i |y its thn 
ftmgnH H**h mufitinlrvi in thn 
mil if iiniiuvM im rurimlH, lltti 
if if In’ ra|»itll\ |ittlh*st f»uf uf 
tin* rut I iitiniiirr littaitunlan 
rtirmut will hu til»nrr\n«l t*» 
lit*w % and itt tliu dtrr< 

fttiit t«* llti’ former. Tin* in* 

«turn l cnirr«iit rjittiml l»y tfMffl 
ing tli»’ umgurt U mi iww# 
riiiipiil^ t*r m In tlin nj»i«w*itn 
tliinufitiii in that wliitdt would 
fititgfifti/o tli« fwtffiitd with it* 
t^bting §***Iartty» Tltf itiditml rttrrunf nut ml hy with- 
it rawing thu magtnd u» a thmt rurrmit, 

iVrnifty tit*' «4t»tn nflrrl hi jutnluml if thu r<»il In* 
tiniVr*il towards th«« inngtn't m it lltn fistigtinf wurw movwl 
toward* Ilt 0 ruil. Tlw tuotr nijtiif tho motion 1*, thr 
atmiigi’r urn tin* mdttmd rurmii*, 

Thu titiigiirt dm*a not grow nny wniknr hy built# m 
?titin| f for tlm rwil «>urm of fSta rlrrti iml oimrgy 
m tin* tttucf tint inti innirgy ajHnit in tho motion, 
fum» Urn iiiiill»4i uf ttMutn tpffiiwt rffeliFt»r input imr» 




If the circuit is not closed, no currents are produced ; 
hut tlie relative motion of coil and magnet will still set 
up electromotive-forces, tending to produce currents. 

Faraday discovered these effects to he connected with the 
magnetic field surrounding the magnet. He showed that 
no effect was produced unless the circuit cut across the 
invisible magnetic lines of the magnet. 

224. Induction of Currents by Currents.— 
Faraday also showed that the approach or recession of a 
current might induce a current in a closed circuit near it. 
This may be conveniently shown as an experiment by the 
apparatus of Fig. 130. 

A coil of insulated wire P is connected in circuit with 
a battery B of two or three cells, and a key K to turn the 



Tig. 130. 


current on or off. A second coil S, entirely unconnected 
with the first, is joined up with wires to a sensitive 
galvanometer G. We know (Art. 202) that a coil of 
wire in which a current is circulating acts like a magnet. 
And we find that if while the current is flowing in P, 
the coil is suddenly moved up toward S, a momentary 
current will he induced in S. If P is suddenly moved 
away from S another momentary current will be observed 
in the second circuit. The first of these two momentary 



found to In* u u iliivrt.on*’ u.r. «m«* whirl* itum tin* ..anic 
way round tin* roll X m tin* hut ton nirimt tiiiw round 
jho foil P). The roil P in mil h d tin* pumanj roil, and 
tin* eurrrnt in it the pn’iwtnj ettrrrnl, 'Hu* other roll X 
in railed tho amtniUmj roil, mnl tin* momentary eunvutn 
induced in il are MUuetimra railed wa'oitdary currents, 
hrt P now hr plan d rhrr to K, !|o rtmvilt (lowing 1)1 
nither roil. 'Thru on ptv «>ing tin* hm K to turn on tin* 
primary rimvnt, it will hr n»*tnvd ih.it during tin* 
moment while tin* eunvnt in P i » growmg them will 
he* u fnuudent in Nr nr runrut in S. Tin* rtlrrt. of 
turning on tin* runvut In jimt m sf tin* » urrmf Imd hern 
turned on \n hdr P NV.r* fur a\s a\ and thru P mddrfdy 
brought up to X, UrmUtitj tlir hut trl y niellit while* tin* 
primary roll lira eh«‘ e to the* rrrojul.ny r»»d prodtlrc-M tin* 
name rtlrrt iim if tlir primal N roll wm» ntiddrjdy removed 
to nn infinite dhtumv. MtiUmi the batten riintit while? 
the primary roil lien rhme |o tlir aernmhtry pfothirrw tin* 
Humu rtlrrt, m bringing it tip atlddeiily from a dhtiiUre, 

Xu long in ii ntwidy rttnviit Irttvemw the primary 
rlrrnit there urn mi indttml vnrrmU tti tin? nemmhtry 
eirruit, uuU'mh then? in rrlitlit* nn*tim lirtwruti the two 
ciivuit*; hut moving the mamtnlury circuit ttiwurdit tin? 
primary bait juat thn mime effort m moving thu primary 
eirruit towards* tin* mmmhtry, mnl nVr mml, 

Wr may tabulate them? real! I In lia follow si ; 


By 

* Momentary Juvnrnn 

MuttiriiUty Dim*i 

menus* 

eui 1 ‘eiitn Hie Utihn r«t 

* Uiient« lilt) Untut ett 

«f j 

j 

in the mH’rinlary oil* nit 

in Hie mvmalai y rifi’iiit 

MftgHef 

1 

nn lull? nppr<Htt hhi*j, I 

ttliilr fptVii i #it|, 
t 

Current 

white aton'tutrhino* 

while ran lino. 


If tlu* circuit w 11*4 * l» W*!| m* .§ie podsn *4 

l)iit (ho relative motion of mi! and timenri wll »n I) .- sr f 
Up electromotive force.**, i* nJuitj to pcdin »■ mi ivnU 

Fanuliiy discovert**! tlir^e ellrrH l«t be * hJijh * I* it \\ ilk tin* 
magnetic held surrounding tbe tnucuct 11 *' do*«ed that 
no elfect wtw produced unle-u lie* * ifcuil ml so n.™ !U»* 
invisible magnetic linen of* the uoietirt. 

224, Induction of Cummin hy Ournmiu 

Fmwlay also Hlunveil that the h «< o-. # =i-.r.i» •*, 

current might induce n current m 4 * b*e 4 us. un h> u o 
Thin may Ins conveniently slumu .14 an * \|«* iuu< ni J * !h> 
apparatUH of Fig, Hie, 

A coil of insulated s\ in* I* h* m»in« * f*<-4 n» stim! will* 
a battery 11 of two or three cell.**, and >» k« 1 h t«* font il* 




found to be a “direct” one (i.e. one which runs the same 
way round the coil S as the battery current runs round 
the coil P). The coil P is called the primary coil, and 
the current in it the primary current. The other coil S 
is called the secondary coil, and the momentary currents 
induced in it are sometimes called secondary currents. 

Let P now be placed close to S, no current Ilowing in 
either coil. Then on pressing the key K to turn on the 
primary current, it will be noticed that during the 
moment while the current in P is growing there will 
be a transient inverse current in S. The effect of 
turning on the current is just as if the current had been 
turned on while P was far away and then P suddenly 
brought up to S. Breaking the battery circuit while the 
primary coil lies close to the secondary coil produces the 
same effect as if the primary coil were suddenly removed 
to an infinite distance. Making the battery circuit while 
the primary coil lies close to the secondary produces the 
same effect as bringing it up suddenly from a distance. 

So long as a steady current traverses the primary 
circuit there are no induced currents in the secondary 
circuit, unless there is relative motion between the two 
circuits: but moving the secondary circuit towards the 
primary has just the same effect as moving the primary 
circuit towards the secondary, and vice versa . 

We may tabulate these results as follows :— 


By 

Momentary Inverse 

Momentary Direct 

means 

currents are induced 

currents are induced 

of 

in the secondary circuit 

in the secondary circuit 

Magnet 

while approaching. 

while receding. 

Current 

while approaching, 

while receding , 


225. Fundamental Laws of Induction.—When 
we reflect that every circuit traversed by a current has a 
magnetic field of its own in which there are magnetic lines 
running through the circuit (Arts. 202 and 389), we shall 
see that the facts tabulated in the preceding paragraph may 
be summed up in the following fundamental laws :— 

(i.) A decrease in the number of lines which pass through 
a circuit induces a current round the circuit in 
the positive direction (i.e. produces a “ direct ” 
current ); while an increase in the number of lines 
which pass through the circuit induces a current 
in the negative direction round the circuit (i.e. an 
u inverse ” current ). 

Here we suppose the positive direction along lines to be 
the direction along which a free N-pole would tend to 
move, and the positive direction of the current that in 
which the current must flow to increase the magnetic flux. 
Compare the “ corkscrew” rule given on p. 183. 

(ii.) The total induced electromotiveforce acting round 
a closed circuit is equal to the rate of decrease in 
the number of lines which pass through the circuit. 

Suppose at first the number of magnetic lines (Art. 
119) passing through the circuit to be Nj, and that after 
a very short interval of time t the number becomes JST 2 , 
the average induced electromotive-force E is 

By Ohm’s law, C = E-^B, 

th erefore C = — 

fcJti 

If N 2 is greater than N x , and there is an increase in the 
number of lines, then IST-^ — N 2 will be a negative quantity, 
and 0 will have a negative sign, showing that the E.M.F. 
is an inverse one. A coil of 50 turns of wire cutting 1000 

__*n _ 


bting 10,000 lines, or of 1 turn cutting 50,000 
.es. 

To induce an electromotive-force equal to that of a 
.gle Daniell’s cell would require that 110,000,000 
es should be cut in one second. As such large 
mbers are inconvenient to express the facts, the unit of 
M.F., the volt , has been chosen to correspond to the 
bting of 100,000,000 lines per second. 

Example. —Suppose the number of magnetic lines to diminish 
from 800,000 to 0 in the TU of a second, the rate of 
diminution is 40,000,000 lines per second. And since 
1 volt is taken as 10 8 lines per second, the average 
induced E.M.F. during that time ■will be 0*4 volt* 

A reference to Fig. 176 will make this important law 
arer. Suppose ABCD to be a wire circuit of which the 
ice AB can slide along DA and CB towards S and T. 
t the vertical arrows represent vertical lines of force in 
uniform magnetic field, and show (as is the case with 
le vertical components of the earth’s lines of force in the 
orthern hemisphere) the direction in which a N-pointing 
ole would move if free. The positive direction of these 
lagnetic lines is therefore vertically downwards through 
le circuit. Now if AB slide towards ST with a uniform 
riocity it will cut a certain number of lines every second, 
id a certain number will be added during every second 
: time to the total number passing through the circuit. 

: Nj be the number at the beginning, and N 2 that at the 
id of a circuit, N x - N 2 will he a negative quantity, and 
lere will be generated an electromotive - force whose 
Lrection through the sliding piece is from A towards B. 

It is important to note that all these inductive opera- 
ons are really magnetic. In the experiment with the 
vo coils P and S it is the magnetic lines of coil P which 
ass through coil S and set up the induced E.M.F. This 
proved by the following further experiment. Take a 


through P and S. It will by its great magnetic per¬ 
meability help to conduct the magnetic lines from P 
through S. And when it is so placed it will be found 
greatly to intensify the actions. In fact if P is many 
inches away from S, and the iron core is present, the 
inductive effects of turning the current on and off may be 
as great as if, in the absence of the core, P were pushed 
up close to S. 

226. Direction of Induced E.M.F.—It is con¬ 
venient to have rules for remembering the relations in 
direction between the magnetism, the motion, and the 

induced electromotive - force. 



Of such rules the following, 
due to Fleming, is most use¬ 
ful : Let the forefinger of the 
right hand (Fig. 131) point in 
the direction of the magnetic 
lines; then turn the thumb in 
the direction of the motion; the 
middle finger bent at right angles 
to both thumb and forefinger 
will show the direction of the 


Fig.131. induced E.M.F. 


Another often given is an 
adaptation of Ampere’s rule: Suppose a figure swimming 
in any conductor to turn so as to look along the (positive 
direction of the) lines , then if he and the conductor be moved 
towards his right hand he will be swimming with the current 
induced by this motion; if he he moved towards his left 
hand, the current will he against him. 

227. Faraday’s Disk Machine.—Faraday con¬ 
structed several magneto-electric machines, one of them 
consisting of a copper disk (Fig. 132) which he rotated 
between the poles of a steel magnet. The current flowed 
from shaft to rim or vice versd , according to the sense of 

vrif n f.i n-n Tf. wo a n n-i-nA m. or. 1, ... 


were spun so as to cut magnetic lilies. The same in¬ 
duction principle is applied in modern dynamo-electric 
machines (Lesson 
XLIL). In all cases 
power must be em¬ 
ployed to produce 
the motion. They ^ 
are all contrivances 
for converting me¬ 
chanical energy into 
electrical energy. 

228. Para- 
day’s Ring: Prin¬ 
ciple of Transfor¬ 
mation.—Amongst 
Faraday’s earliest experiments he took an iron ring about 
8 inches in diameter (Fig. 133) and wound upon it two 
insulated coils of wire P and S, each of many turns. 
If coil P was connected to a battery circuit, and coil S 
to a galvanometer, he found that whenever a current was 

turned on or off in coil 
P, secondary currents 
were generated in coil S. 
In fact the currents in P 
magnetized the iron ring, 
and the magnetic lines 
created by P passed 
through S, setting up 
Fig. 133. induction currents. If 

S is used as the primary 
then P will work as secondary; in fact the induction 
between P and S is mutual. The Faraday ring, with its 
two coils wound upon a closed circuit of iron, may be 
regarded as the very type of all transformers or induction 
coils. Faraday also employed some induction-coils in which 




In all transformers the electromotive-forces generated 
in the secondary circuit are to those employed in the 
primary circuit, nearly in the same 
A A. proportion as the relative numbers of 

\ j turns in the two coils. For example, 

1L n i/ if the primary coil has 100 turns and 

secondary has 2500 turns, the 
electromotive - force in the secondary 
J) J circuit will be nearly twenty-five 

*B . times as great as that used in the 

lg ' 134 primary. By choosing the proper 

number of turns, the electromotive-force can be trans¬ 
formed either up or down. 

229. The Induction Coil.—In order to generate 
enormously high electromotive-forces which shall be able to 
send sparks across air spaces that ordinary batteries work¬ 
ing at under 100 volts could not possibly pierce, advantage 
is taken of the transformer principle. To produce spark 
discharges there is used the apparatus depicted in Fig. 
135, as improved by Callan, Sturgeon, Ruhmkorff, and 
others, and termed the Induction Coil or Inductorium. 
The induction coil consists of a cylindrical bobbin having 
a central iron core surrounded by a short inner or 
“primary” coil of stout wire, and by an outer 
“secondary” coil consisting of many thousand turns of 
very fine wire, very carefully insulated between its 
different parts. The primary circuit is joined to the 
terminals of a few powerful Grove’s or Bunsen’s cells, and 
in it are also included an interrupter, and a commutator 
or key. The object of the interrupter is to make and 
break the primary circuit in rapid succession. The result 
of this is at every “make” to induce in the outer 
“ secondary ” circuit a momentary inverse current, and at 
every “ break ” a powerful momentary direct current. As 
the number of magnetic lines created and destroyed at 



the current at “make'*’ is caused to take a considerable 
fraction of time to grow, whilst at “ break ” the cessation 
is instantaneous. The rate of cutting of the magnetic 
lines is therefore much greater at “ break ” than at 
“make.” The induced electromotive-forces at “make” 
last longer, but are feebler, and do not suffice to send 
sparks. The currents at “break” manifest themselves 
as a brilliant torrent of sparks between the ends of the 



Pig. 135. 


secondary wires when brought near enough together. 
The primary coil is made of stout wire, that it may 
carry strong magnetizing currents, and consists of few 
turns to keep the resistance low, and to avoid self-induc¬ 
tion of the primary current on itself. The central iron 
core is for the purpose of increasing, by its great mag¬ 
netic permeability, the number of lines of force that pass 
through the coils : it is usually made of a bundle of fine 
wires to avoid the induced currents which if it were a 







Tim Heenndary mil i* mad** with mmiy !iinr«, m onle 

that the mellieieiU of tr.lil 4 ®*rs»altoii its.i> be hug*- ; me 

as this induced t»I»***t n au**t * % f have will be tlinumud * *< 
volts, the resistance of thie nnl will b« iminutm nil, and i 
may he made of tin* thinnest wire that can nmvrtitettl)' 
he wound. In Mr. Pp^ttbwoxdPH gumi Iuduti e*u t *»u 

(which \ ieldtf a spark of 4*2,1 tftclttV length m nu\ wlei 

Worked with 30 Ut*oU’ , jt t*r 1\ the *eruht}.tiy mil * nil 
tains iSHO miles of wire, wound in 3 topum turn*, an* 
has a resistance of over 1 110,0011 ohnm, 

The interrupters of induction mdn are usually l! 
acting. That of Foucault, shown with the msl in Pig 
135, consist* of an arm «»f bom h, which flips 14 platmnu 
wire into 11 rtip of mercury M, from which it thaw a tin 
point out, no breaking circuit, in eottHinpieiiee uf its olio 
end being attracted toward the core of the mi! whenever i 
in magnetised; the arm iMiittgtlriwn lark again hy 11 *j»i*iij 
when, on the breaking of the eiretiil, the corn itpw t< 
he a magnet. A more mmmum interrupter <ut ninnll mil 
in a u hrimkj^etnisbting of 11 piece of thin steel whirl* limit ■ 
contact with a platinum point, nnd which j# draw n t*i 
the attraction of the core on the passing of n rurrnit ; m* 
no makes am! break a eimiit by vibrating backward* »n« 
forward* just m does the hummer ofmi ordinary rl»* ft **• hell 
Associated with tint primary circuit of 11 mil k tmiudli 
a small mmdmmet (mm Art. 303), ttitttb of tdfruiufe kirr; 
of tinfoil and parafllned into which the ctinni 

llowa whenever circuit k broken, The civet of the mti 
denser is, ns stated above, to suppress the 14 invert *' nn rmb 
at H make 11 anti t<» increase g* rally tl*« ilirert electro 
motive-force at u break,* 1 The njairkn are h*ng**r, a ml »*nli 
pass one way. The rundcimer ihm lUtn by the irthu 
known im electric mrwmatv im*v Art. ft 17). 

230. Euhmkorfif’ii B©wr*t#r. In «nlef to rut nil 
or reverse the ilireetitm of the halter v rnrmit nt will 


instrument tlie battery poles are connected through the 
ends of the axis of a small ivory or ebonite cylinder to 
two cheeks of brass Y and Y', which can be turned so as 
to place them either way in contact with two vertical 
springs B and 0, which are joined to the ends of the 
primary coil. Many other forms of reversing-switch have 
been devised ; one, much used as a key for telegraphic 
signalling, is drawn in Fig. 271. 



Fig. 136. 


231. Luminous Effects of Induction Sparks.— 

The induction coil furnishes a rapid succession of sparks 
with which all the effects of disruptive discharge may be 
studied. These sparks differ only in degree from those 
furnished by friction machines and by Leyden jars (see 
Lesson XXIY. on Phenomena of Dischafge). 

For studying discharge through glass vessels and tubes 
from which the air has been partially exhausted, the 
coil is very useful. Fig. 137 illustrates one of the 
many beautiful effects which can he obtained, the 


232. Induction Currents from Earth’s Mag¬ 
netism.—It is easy to obtain induced currents from the 
earth’s magnetism. A coil of 
fine wire joined to a sensitive 
galvanometer, when suddenly 
inverted, cuts the lines of the 
earth’s magnetism, and in- 
duces a 

Faraday, indeed, applied 
this method to investigate the 
direction and number of inag- 
netic lines. If a small 
coil be joined in circuit with a 
suitable galvanometer having 
a heavy needle, and the little 
coil be suddenly inverted 
while in a magnetic held, it 
will cut twice all the lines that 
pass through its own area, and 
the sine of half the angle of 
the first swing (Art. 418) will 
be proportional to the number 
of lines cut; for with a slow- 
moving needle, the total 
quantity of electricity that 
flows through the coils will 
be the integral whole of all 
the separate quantities con- 
veyed by the induced currents, 
Fig 137 strong or weak, which flow 

round the circuit during the 
rapid process of cutting the lines. The little exploring coil 
acts therefore as a magnetic proof -p lane. For small deflexions 
the first swing may be taken as a sufficient approximation 
instead of the sine of half the angle (see Art. 418). 

Tf the circuit be moved mrallel to 'tself across a uni- 


for just as many magnetic lines will be cut in moving 
ahead in front as are left behind. There will be no cur¬ 
rent in a wire moved parallel to itself along a line of 
force ; nor, if it lie along such a line while a current 
is sent through it, will it experience any mechanical 
force. 

233. Earth Currents. — The variations of the 
earth’s magnetism, mentioned in Lesson XII., alter the 
number of magnetic lines which pass through the tele¬ 
graphic circuits, and hence induce in them disturbances 
which are known as “ earth currents.” During magnetic 
storms the earth currents on the British lines of tele¬ 
graph have been known to attain a strength of 40 rnilli- 
amperes, which is stronger than the usual working cur¬ 
rents. Feeble earth currents are observed every day, 
and are more or less periodic in character. 


Lesson XIX.— Chemical Actions of Currents 

234. Conducting Properties of Liquids.—In 
addition to the chemical actions inside the cells of the 
battery, which always accompany the production of a 
current, there are also chemical actions produced outside 
the battery when the current is caused to pass through 
certain liquids. Liquids may be divided into three 
classes—(1) those which do not conduct at all , such as 
turpentine and many oils, particularly petroleum; (2) 
those which conduct without decomposition , viz. mercury 
and other molten metals, which conduct just as solid 
metals do ; (3) those which are decomposed when they con¬ 
duct a current , viz. the dilute acids, solutions of metallic 
salts, and certain fused solid compounds. 

235. Decomposition of Water.—In the year 
1800 Carlisle and Nicholson discovered that the voltaic 
current could be passed through water, and that in pass- 
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its constituent gases, These gases appeared in bubbles 
on the ends of the wires which led the current into ami 
out of the, liquid ; buttles of (Knjtjen gas appearing t vi the 
point where the current entered the liquid* and fujtirtnjm 
hut hies where it. left the liquid. It was soon found that 
a great many other liquids, particularly dilute acids and 
solutions of metallic salts, could to similarly decomposed 
by passing a current, through them. 

230. Electrolysis. —Tt» this process of decomposing 
a liquid by means of an electric current Farads\ ga\e 
the, name of electrolysis (iV. electric unuhsn) ; and 
those substances which arc capable of being thus decern 
posed or a electrolyzed " he termed electrolytes. 

The ends of the wires leading from and to the battery 
are called olectrod.es ; and to distinguish them, that U\ 
which the current enters in culled the anode, that by 
which it leaves the kathode, Tim vessel in which a 
liquid is placed fox* electrolysis is termed an r/*W/Wign 
cdl 

237, Electrolysis of Water. Returning to the 
decomposition of water, we may remark that perfect I \ 
pure water appears not to conduct, hut its resistance bt 
greatly reduced by the addition of u few drops of mil 
plmrie. or hydrochloric acid. The apparatus shown in 
Fig. 1.18 is m itable for this purpose. Here a buttery of 
two cells (tliuse shown are circular Iiun.Hcn’s celbd i* sent 
with its poles connected it) two strips of metallic platinum 
as electrodes, which project up into a vessel cuuhbhing 
the acidulated water. Two till am closed nt one end, 
which have been previously filled with water and in 
verted, receive the gases evolved at the electrodes. 
Platinum is preferred to other metals such iw nipper or 
iron for electrodes, since it is Urns oxidi/.uhio and resists 
every acid, ft is found that there k almost exactly fieiW 



produced by combining together these two gases in the 
proportion of two volumes of the former to one of the 
latter. The proportions of gases evolved, however, are 
not exactly two to one, for at first a very small quantity 
of the hydrogen is absorbed or “ occluded ” by the 
platinum surface, while a more considerable proportion 
of the oxygen—about 1 per cent—is given off in the 



Fig. 138. 

denser allotropic form of ozone, which occupies less space 
and is also slightly soluble in the water. When a 
sufficient amount of the gases has been evolved and 
collected they may be tested ; the hydrogen by showing 
that it will burn, the oxygen by its causing a glowing 
spark on the end of a splinter of wood to burst into 
flame. If the two gases are collected together in a 
common receiver, the mixed gas will be found to possess 
the well-known explosive property of mixed hydrogen 
and oxygen gases. The chemical decomposition is ex¬ 
pressed in the following equation : 

ILO - EL 
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288, Electrolysis of Sulphate of Cop per, We 
will take an another rn*4* the trt*lv>*ia *»f a Mention *4 
the well-known u blue vitriol ” *m imlfdtaie of copper. If 
a few crystals t>f this Mthwfanre are devolved in water 
a blue liquid w obtained, w Inch in easily »•!«•• fn»h /«•*! 
between two elects«len of platinum foil, by tie* rttrteiil 
from a single re)! of any ordinary battery. The r!irinie#il 
formula for sulphate of copper U ( *uS< The iv?mlt of 
the electrolysis in to hj 4it it up into two pm!**, M«ndhe 
copper in earried forward by tin* eurreut and deputed 
in a film upon the kathode, leautig behind nf the anode 
u sttlphiun,” an easily decomposed compound »*f sulphur 
and oxygen, whieh U immediately acted upon lo the 
water forming mtlphurie arid and owiyu. Thin tnvg«*u 
in liherated in bubble* at the anode, Tilt' t lirttitnil 
changes art* thus <& pressed ; 


<*uB0 4 

Huljthati* of C**»j*p*r Iwtitim* 

HO, + H.jt) 

Hutplilon nmt winter |»i*»t*r. 


<’n I HU 4 

I»n>l , 

lljSlI, | V 

Sulphaiir ns’**! »u»*l i 


In thin way, m the current continues to th*w, r* 

in continually withdrawn from the liquid Hint d*-pitted 
cm the kathode, and the liquid get a more mid more and. 
If copper electriMlea are umt, instead «*f piutitmm, ip* 
oxygen i» given off at the iumd*\ but tSie r«ipjvr miwle 
itself dissolve* itwny into the liquid fit mutrlly the mime 
rate oh the copper of the liquid in deported mt the 
kathode, 

230. Anions and Katicmji, The atom* whirl* 
thus are severed front one another and earned *tivi*iMy 
by the current to the electrodes, and there dfqnwiietj, 
are obviorndy of two cIiumph • smim are left Mtiitil nt the 
anode, others art* carried forward to the kathode, fum 
day gava the name of Ions In tlimi wandering atom# ; 



regarded as “electronegative,” because they move as if 
attracted toward the + pole of the battery, while the 
kations are regarded as “ electropositive.” Hydrogen 
and the metals are kations, moving apparently with the 
direction assumed as that of the current, and are de¬ 
posited where the current leaves the electrolytic cell. 
The anions are oxygen, chlorine, etc. When, for ex¬ 
ample, chloride of tin is electrolyzed, metallic tin is 
deposited on the kathode, and chlorine gas is evolved at 
the anode. 

240. Quantitative Laws of Electrolysis. 

(i.) The amount of chemical action is equal at all points 
of a circuit. If two or more electrolytic cells are placed 
at different points of a simple circuit the amount of 
chemical action will be the same in all, for the same 
quantity of electricity flows past every point of the circuit 
in the same time. If all these cells contain acidulated 
water, the quantity, for example, of hydrogen set free in 
each will be the same ; or, if they contain a solution of 
sulphate of copper, identical quantities of copper will be 
deposited in each. If some of the cells contain acidu¬ 
lated water, and others contain sulphate of copper, the 
weights of hydrogen and of copper will not be equal , but 
will be in chemically equivalent quantities. 

(ii.) The amount of an ion liberated at an electrode in 
a given time is proportional to the strength of the current. 
A current of two amperes will cause just twice the quantity 
of chemical decomposition to take place as a current of 
one ampere would do in the same time. 

(iii.) The amount of an ion liberated at an electrode in 
one second is equal to the strength of the current multiplied 
by the “ electro-chemical equivalent ” of the ion. It has been 
found by experiment that the passage of one coulomb of 
electricity through water liberates *000010384 gramme 
of hydrogen. Hence, a current the strength of which is 
C (amperes) will liberate 0 x *000010384 grammes of 





called the elect nwheniivai equivalent «»f hydrogen, The 
A< electrwhemiml equivalents ” of ether elements mu be 
canity calculated if their chemical ^eijtiivuleiil M in known, 
Thus the chemical **equivalent *' * of ro|i|irr in ; 

multiplying thin hy iHiOOHdlHI we get m the fleetr«* 
chemical equivalent of n»j»j»er the value *00032 k X 

(gramme). 
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241, Wuitfht of Blomant dapo»ittxL -The fuh 
lowing equation the rule fur finding the weight 

<»F any given dm disengaged from iui idertrulytic solution 
during a known time by a current of known strength. 
Let <’ he the current (reckoned in ampere#^ i the time (in 
weniidn), the elect rorhemieul equivalent, and m the 
weight tin grummet) ef the element liberated j then 

te t 7, 

nr, in words* the wmjht (in grammeal of an dement dejmifed 
inj t'iitirtthjm n found % multiphjimj it a dcdrmiiemmil 

minimhmt hy the diYwjth of the current (in amperes), and hj 
the dim (in wnamdn) durintj which thr current emitinum tu 

KXAMt'MC. A current from five DanielFii ctdk wiw panned 
through two eleefrolytie rtdb, «nm contniufng n juduthm 
of ’4lver» the other acidulated water, for test minutes. 
A tangent galvanometer In the circuit showed the 

ftfreuifih of the current to t»i ’ft The weight 

of lUlver de|Ki*lte4 wilt he 0*00H1H H *f» x iO x (ICI 
""** tVllt&l gramme. The weight of hydrogen evolved 
In the cell wilt \m *000010084 n *ft x 10 n (10 

®--'Q’003H5 grwtifiiP, 

M2, Volt«unoteril.-»'Th«i tiftmttd of the ftltove laws* 
that the amount of an h*n U berated in a given time k 
proportional to the current, in sometimea known an /dim* 
ilui/# tmr % from its discoverer, Faraday j«>inled nut 
that it affords a chemical inruns of memutring rtimmitt, 
He gave the name of voltanuitw to an electrolytic cell 
armngiat fur the purpose of measuring the current hy the 
amount of chemical action it effects. 

243, Wftttir - Vultamotor.-*-Th« shown 

lit Fig, I3H might he appropriately termed a Water- 

itiiin of copter raitUMw*, ««r I# 11 worth,** !m> atom* of hydrogen j heart* th» 

weight uf etthmf mtumiktii l** I of hyitroifiu* I* V - Iff, tn alt vmm the 



Voltameter, provided the tubes to collect the gases be 
graduated, so as to measure the quantities evolved. The 
weight of each measured cubic centimetre of hydrogen 
(at the standard temperature of 0° (I, and pressure of 
760 millims.) is known to he *00008988 grammes. Hence, 
if the number of cubic centimetres liberated during a 
given time by a current of unknown strength be ascer¬ 
tained, the mean strength of the current can be calculated 
by first reducing the volume to weight, and then divid¬ 
ing by the electrochemical equivalent, and by the time. 
Each coulomb of electricity liberates in its flow *1155 
cubic centimetres of hydrogen, and *0577 c.c. of oxygen. 
If these gases are collected together in a mixed-gas volta¬ 
meter there will be *1732 c.c. of the mixed gases evolved 
for every coulomb of electricity which passes. To decom¬ 
pose 9 grammes of water, liberating 1 gramme of H and 
8 grammes of O, requires 96,302 coulombs to be sent 
through the liquid with an electromotive force of at least 
1*47 volts (see Art. 487). 

244. Copper and Silver Voltameters.—As 
mentioned above, if sulphate of copper is electrolyzed 
between two electrodes of copper, the anode is slowly 
dissolved, and the kathode receives an equal quantity of 
copper as a deposit on its surface. One coulomb of elec¬ 
tricity will cause *0003281 gramme to be deposited ; and 
to deposit one gramme weight requires a total quantity 
of 3048 coulombs to flow through the electrodes. A cur¬ 
rent of one ampere deposits in one hour 1*177 grammes 
of copper, or 4*0248 grammes of silver. 

By weighing one of the electrodes before and after 
the passage of a current, the gain (or loss) will be pro¬ 
portional to the quantity of electricity that has passed. 
In 1879 Edison, the inventor, applied this method for 
measuring the quantity of electricity supplied to houses 
for electric lights in them ; a small copper voltameter 
heinfif ulaced in a branch nf th a circuit wbic.b snrrvnlip.fi 



supply meters have been proposed, having clockwork 
counters, rolling integrating disks, and other mechanical 
devices to add np the total quantity of electricity con¬ 
veyed by the current (see Art. 442). 

245. Comparison of Voltameters with. Gal¬ 
vanometers.—It will be seen that both Galvanometers 
and Voltameters are intended to measure the strength of 
currents, one by magnetic, the other by chemical means. 
Faraday demonstrated that the magnetic and the chemical 
actions of a current are pro¬ 
portional to one another. 

In Fig. 139 is shown a 
circuit that is branched so 
that the current divides, 
part going through a branch 
of small resistance r and 
part through a branch of 
larger resistance R. The 
current will divide, the 
greater part going by the 
path of lesser resistance. 

Three amperemeters are 
used. It will be found 
that the number of amperes 
in the main circuit is equal to the sum of the amperes 
in the two branches. In Fig. 140 the three ampere¬ 
meters have been replaced by three copper voltameters. 
The weight of copper deposited in the voltameter A in 
the main circuit will be found to be equal to the sum of 
the weights deposited in B and 0 in the two branches. 
A galvanometer shows, however, the strength of the cur¬ 
rent at any moment, and its variations in strength from 
one moment to' another, by the position of the needle. 
In a voltameter, a varying current may liberate the 
atoms of copper or the bubbles of gas rapidly at one 
moment, and slowly the next, but all the varying quan- 

+^i’qci itrill orlrlorl fna-ofTi at> in +Tia fn+nl xriAlrl 




In fact, the voltameter gives us the “ time integral ” of 
the current. It tells us what quantity of electricity has 
flowed through it during the experiment, rather than how 
strong the current was at any one moment. 

246. Chemical Test for Weak Currents.—A 
very feeble current suffices to produce a perceptible 
amount of change in certain chemical substances. If 
a few crystals of the white salt iodide of potassium are 
dissolved in water, and then a little starch paste is added, 
a very sensitive electrolyte is obtained, which turns to 
a dark blue colour at the anode when a very weak 
current passes through it. The decomposition of the 
salt liberates iodine at the anode, which, acting on the 
starch, forms a coloured compound. White blotting- 
paper, dipped into the prepared liquid, and then laid on 
the kathode and touched by the anode, affords a con¬ 
venient way of examining the discoloration due to a 
current. A solution of ferrocyanide of potassium affords 
when using an anode of iron the well-known tint of 
Prussian blue. Bain proposed to utilize this in a 
Chemical Writing Telegraph, the short and long currents 
transmitted along the line being thus recorded in blue 
marks on a strip of prepared paper, drawn along by clock¬ 
work under an iron stylus joined to the positive wire. 
Faraday showed that chemical discoloration of paper 
moistened with starch and iodide of potassium was pro¬ 
duced by the passage of electricity from sources of all 
different kinds—frictional, voltaic, thermo-electric, and 
magneto-electric,—even by that evolved by the Torpedo 
and the G-ymnotus. In fact, he relied on this chemical 
test as one proof of the identity of the different kinds. 

247. Internal and External Actions.—In an 
earlier lesson it was shown that the quantity of chemical 
action inside the cells of the battery was proportional to 
the current. Hence, Law (i.) of Art. 240 applies both 
to the portion of the circuit within the battery and to 




Suppose 3 Daniell’s cells are "being employed to decompose 
water in a voltameter. Then while 1 gramme weight (11,126 cub. 
centims.) of hydrogen and 8 grammes (5563 c.c.) of oxygen 
are set free in the voltameter, 31*5 grammes of copper will be 
deposited in each cell of the battery, and (neglecting loss by local 
action) 32*5 grammes of zinc will be dissolved in each cell. 

248. Reversibility.—It will therefore be evident 
that the electrolytic cell is the converse of the voltaic cell. 
The chemical work done in the voltaic cell furnishes the 
energy of the current which that cell sets up in the 
circuit. In the electrolytic cell chemical work is per¬ 
formed, the necessary energy being furnished by the cur¬ 
rent of electricity which is 
sent into the cell from an 
independent battery or 
other source. It is im¬ 
portant to note the bearing 
of this with respect to the 
energy of the circuit. Sup¬ 
pose a current of strength 
C to flow through a cell of 
which the electromotive- 
force is E, and which acts 
in the same direction as 
the current. The energy 
given to the circuit per second by this cell will be (Art. 
435) the product of C and E ; the chemical energy of 
the voltaic cell entering the circuit at the place where 
the chemical action is going on. In Fig. 141 the current 
is indicated by the arrows with thick shafts, the electro¬ 
motive-force by the feathered arrow. For example, if 
10 amperes flow through a Daniell cell acting with IT 
volts of electromotive-force, the power given out by the 
cell is 11 watts (Art. 435). But if the cell be so con¬ 
nected into the circuit, as in Case II. of Fig. 141, that 
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EMF helps current. 
Energy enters circuit. 



EMF opposes current . 
Energy leaves circuit. 


Fig. 141. 



will be the product of 0 and - E, or - CE, the negative 
sign indicating that the circuit is losing energy, part of 
its energy being absorbed in the cell in doing chemical 
work. If the current is sent backwards through a Daniell 
cell the chemical processes are reversed, copper is dissolved 
and zinc is deposited. But all cells are not reversible in 
their chemical action. 

■ A theory of electrolysis, and some examples of its 
application, are given in Art. 488 on Electro-chemistry. 


Lesson XX .—Physical and Physiological Effects of the 
Current 

249. Molecular Actions.—Metal conductors, when 
subjected to the prolonged action of currents, undergo 
slow molecular changes. Wires of copper and brass 
gradually become brittle under its influence. During 
the passage of the current through metallic wires their 
cohesion is temporarily lessened, and there also appears 
to be a decrease in their coefficient of elasticity. It was 
thought by Edlund that a definite elongation could be 
observed in strained wires when a current was passed 
through them ; but it has not yet been satisfactorily 
shown that this elongation is independent of the elonga¬ 
tion due to the heating of the wire owing to the resistance 
it opposes to the current. 

250. Electric Osmose.—Porret observed that if a 
strong current is led into certain liquids, as if to electro¬ 
lyze them, a porous partition being placed between the 
electrodes, the current mechanically carries part of the 
liquid through the porous diaphragm, so that the liquid 
is forced up to a higher level on one side than on the 
other. This phenomenon, known as electric osmose , is 
most manifest when badly-conducting liquids, such as 
alcohol and bisulphide of c rb n. are is d. The transfer 



the current; that is to say, the liquid is higher about 
the kathode than round the anode. 

251. Electric Distillation.—Closely connected 
with the preceding phenomenon is that of the electric 
distillation of liquids. It was noticed by Beccaria that 
an electrified liquid evaporated more rapidly than one 
not electrified. Gernez has recently shown that in a 
bent closed tube, containing two portions of liquid, one 
of which is made highly + and the other highly —, the 
liquid passes over from + to —. This apparent distilla¬ 
tion is not due to difference of temperature, nor does it 
depend on the extent of surface exposed, but is effected 
by a slow creeping of the liquid along the interior surface 
of the glass tubes. Bad conductors, such as turpentine, 
do not thus pass over. 

252. Diaphragm Currents.—Professor Quincke 
discovered that a current is set up in a liquid when it is 
forced by pressure through a porous diaphragm. This 
phenomenon may be regarded as the converse of electric 
osmose. The E.M.P. of the current varies with the 
pressure and with the nature of the diaphragm. When 
water was forced at a pressure of one atmosphere 
through sulphur, the difference of potential was over 9 
volts. With diaphragms of porcelain and bladder the 
differences were only *35 and *01 volts respectively. 

253. Electro-Capillary Phenomena.—If a hori¬ 
zontal glass tube, turned up at the ends, be filled with 
dilute acid, and a single drop of mercury be placed at 
about the middle of the tube, the passage of a current 
through the tube will cause the drop to move along 
towards the negative pole. It is believed that the 
liberation of very small quantities of gas by electrolysis at 
the surface where the mercury and acid meet alters the 
surface-tension very considerably, and thus a movement 
results from the capillary forces. Lippmann, Dewar, 
and others have constructed unon this nrincinle camllarv 



is made to balance the electro iMpillm\ f«»tvr * *«*t t«*d # *| 

the surface of contact ot nimcm) mid *1 1 1 n!*- mod, th** 
electro-capillary haw being iirarli ptopmtom.d !«> tie* 
electromotive-force when fltw d»*w m4 r%rr«-4 mo* wit. 
Fig, 142 shown the capillary rln h**mrt« r »4 lU’tMr 
A glass ttthe re«t,^ ht»ri/oiitalIy Iniiirrn tn*» ;K 1ivi »It.dte?s 
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in which hole* have hem boml P* re* mv the * mb of 
the tube. It i« tilled with mercury* and a single 4n*p 
of dilute acid in placed in the tub**, I'hittmiiii it tie* t** 
Horvc m electrode* dip into the tuvrcitrt m the dtfthra. 
An B.M.P, of only volt wtiltim* t« pf««tm e <« ine##iir 
able displacement of tint drop, The iliirrtinii *4 ffjv 
diaplacement varies with that of the r itirmt. 

254. Physiologrlcml AeUmm. iWrmu »*f tdw- 
tricity passed through the Iitnh# ntfrrt the t«rrvr* 
certain painful mtnwilioin^ 11 ml eaiiw the ntnm In# 
undergo involuntary tujutxn*4irm«. The mddrn t«idi *4 
even a small charge of electricity ft«»m «i l*r%4en pit 
charged to a high potential, or from 1111 ittdu. tmu *«il 
(see Pig. ISIS), give* a ilnirp iitnl \mmM ®Awi u tlw 
system. The current front a few stnmg Ur*oV% *#11%, 
convoyed through the body liy gripping the trrmmah 
with moistened hand}*, give* a very different hind *»( 
aenaation, not at all agreeable, of it prirWing tit ifie ymtiN 
of the arms and shoulders, Inti n«| prwtueing any 
spasmodic contractions, except it I m m tiervott# »r 
weakly titirsonflL tit the multh*** matt i*»a* «.*» 




siderable resistance, and that the difference of potential 
in the former case may be many thousands of volts; 
hence, though the actual quantity stored up in the 
Leyden jar is very small, its very high E.M.F. enables 
it at once to overcome the resistance. The battery, 
although it might, when working through a good con¬ 
ductor, afford in one second a thousand times as much 
electricity, cannot, when working through the high re¬ 
sistance of the body, transmit more than a small fraction, 
owing to its limited E.M.F. 

After the discovery of the shock of the Leyden jar by 
Cunaeus in 1745 many experiments were tried. Louis 
XV. of France caused an electric shock from a battery of 
Leyden jars to be administered to 700 Carthusian monks 
joined hand in hand, with prodigious effect. Franklin 
killed a turkey by a shock from a Leyden jar. 

In 1752 Sulzer remarked that “if you join two 
pieces of lead and silver, and then lay them upon the 
tongue, you will notice a certain taste resembling that of 
green vitriol, while each piece apart produces no such 
sensation.” This galvanic taste, not then suspected 
to have any connexion with electricity, may be ex¬ 
perienced by placing a silver coin on the tongue and a 
steel pen under it, the edges of them being then brought 
into metallic contact. The same taste is noticed if the 
two wires from the poles of a single voltaic cell are placed 
in contact with the tongue. 

Bitter discovered that a feeble current transmitted 
through the eyeball produces the sensation as of a bright 
flash of light by its sudden stimulation of the optic nerve. 
A stronger current transmitted by means of moistened 
conductors attached to the battery terminals gave a sensa¬ 
tion of blue and green colours in flowing between the 
forehead and the hand. Yon Helmholtz, repeating this 
experiment, observed only a wild rush of colour. Dr. 
Hunter saw flashes of light when a piece of metal placed 




heard musical sounds when a current w as plowed ihimigh 
tin* cars ; and Humboldt l**uii«I a wuMitmu to U* In***'*! 
in the organs of smell when a current was juuwi'4 from the 
nostril to tin* Miff pahtle, K.u h of the K|«vt<iii/vd «rn«’.?i 
can In* sf imuluted into acti* it v by tin* current, Man 
possesses no specialized MitHc for flir r|*||oli inf rlnii teal 
forces, iih In* dors fur light and f««r *ttuud ; hut theie in no 
reason tor denying the powbiltly that o.tim of tli«« lower 
creatures may In* endowed with u special electrical 

Hie following experiment utliiWH till- effort of fr* ble 
currents on eohl blooded et oaf mm If a «opp* t i*r -ahen 
coin he laid on a j»iree of nhe**t /itn% and a common garden 
snail he set to crawl n\cr the /me, directly It coUiea into 
eoutaet with the cupper it will suddenly pull m its horn*, 
and shrink in its bmh\ If it i» set to crawl over tw»» 
cupper wires, which are then placed in ronbirt w $th A 
feeble vtdtuie cell, it immediately announces tin* establish 
incut of a current bv n similar contraction.* 

266 . Muscular Otmtimuilotw, In !«<« Hwmn* 
merdnm showed to the tlrand 1 hike of Tummy that when 
a portion of muscle of a fr«»g'* leg hanging by a thread of 
nerve bound with sdver wire Will held over rt copprf 
support, so that both nerve and wire touched the ropfirf, 
Urn muscle itmuediaUdy con! rue ted. Morn than a century 
later OnlvaniVt attention was drawn to the subject by 
his observation of sjawnodie contractions in the legs «»f 
freshly- killed frogs under the influence of the 14 return 
shock” experienced every time a netgldmuriiig electric 
machine was discharged, Umvwnre of Hwatiitiicrdatn** 
experiment, he discovered in I7H0 the find (allinl«l t« m 
Art. 103 n« leading ultimately to the dtamvery of the 
Voltiuc Vile) that when nerve a ml ttitturlft toneli two 
dissimilar metals in contact with otw another a tmiiimm 
tion of the muscle takes plan*. Tin? limbs uf ilm frog, 

* 11 wJ5! scarcely \m cmltied U*at » <<»rUln Mt\m AUi mm mfimmif §<#»■> 


repared as directed by Galvani, are shown, in Fig. 143. 
Jter the animal has been killed the hind limbs are 
etaclied and skinned ; the crural nerves and their attach¬ 
ments to the lumbar vertebrae remaining. For some 
ours after death the. limbs retain their contractile power. 
?lie frog’s limbs thus prepared form an excessively delicate 
alvaixoscope : with them, for example, the excessively 



Fig. 143. 


lelicate induction-currents of the telephone (Lesson LIII.) 
ian he shown, though the most sensitive galvanometers 
oarely detect them. Galvani and Aldini proved that 
;>tlier creatures undergo like effects. With a pile of 100 
pairs Aldini experimented on newly-killed sheep, oxen, 
md rabbits, and found them to suffer spasmodic muscular 
contractions. Humboldt proved the same on fishes ; and 
^anotti, by sending a current through a newly-killed 





and litter Dr, Ur*' «»f Uhisgmv, t nu« niv %I ».n the !*-**Is*• ^ 

of executed orimiimK wait a t*iiit.Ir \ * Medd 

The facial muscle* iindrrwiisl lotuhh- r.mnatom*, and 
the chest heaved with the eoulra* tn»u nf lh« dtaplimgiu. 
The small museles t«» the r* 1 **!* *4 th«- hmt i <*| tlm 

head ap|H*ar to he markedly *»cio»it»v« f** * U u »* ,il > **u 
ditious from the readme** with which el*>U:!i* ile n » .mhjm 
the hair to inland on md, 

Tin* resistance of the human 1 *«1> t*’ th* A *<* t * f»^ b e 

current through if depends innrdy *m fh« dm,* ?■: -a tm 

skin. It may vary fnuu Duitwi »!■•« » i « .'hoi 4 ■■ * ^ h*-i» 
tins skin is timid. Fr«*sn e.xj«'»tmeiiH 01 \m, * * i 

in connexion with the r%c« of cm * 4 " u * ,*.» 

found (lut the average re-si.nt.iioo’ *»f ihr hum to b** 4 i p 
2500 ri/tijj*, and that. 3000 aUeritaltog pdn» ,|j,j i !r 4 
between the head mid #t|tin« ratiM-d upuntoo .»»o d**.«lh 

A current of iw tftttrlf 11# 20 tmUMmj*'rc'i 
terrible muscular nmtfttctioii*, win I-4 n «d 4 

arapexea trnve mn$ n vttel jwtt h itlnt^i "-sUmD l%*4 
Tim effect of tint current in two f« 4 *l . m the hr©! pin* «• 11 
acts upon the m*rven, ratidng »|iipitf« t if *h'-->to*v:» 

the tissue either hy hurmttg «»r hy elr* u*»h »?*, ih«- h4«4 
becoming foa^nInlet 1, To fmiotr a firr-wti who Imp W vH 
rendered i use urn hie hy i»n efe* ti n* dp* k* alt the a*mn,i 
rcatnmtiVfiK ihmild he used ip for 14 prison 4 o*«, o< d, 

250. Oonditloa* of Muftoulur Otuttriwif **11 T* 1 
produce muMcutar mtiiniclmyt il«i lumui tnn»i 1 rtnef&c a 
portion of the nerve longitudinally In a It rssfiH |*r«'|»«red 
frog the cummt mn^m a r«ntm«i*»m md% ntanl) 
when tlm cimtit m tsimle or bmlteti. A nipidli tntetrupied 
current will induce » m*ci»n4 *<»i*tni* tn*ii i| 3 ^ first 

ha« hml time to \n\m off, amt the nstprln iiMf i!m»« 

a continuous contraction re#mul*hng ifhmm, Tiie |jfe|«if*i 4 
frog after a short tiin© Wnituw I«mi« and 11 

u direset M cnrnmt, ftlwit W I «!ii Mt* tt<uk *s a t L .. 


current only produces an effect wlicn the circuit in broken. 
Muttcucci, who olwerved thin, also discovered by experi¬ 
ment** on living animals that there in a distinction between 
the conductivity of sensory mid motor nerven, a li tlirect*’ 
current affecting the motor nerves on making the circuit, 
and tins HeuKory nerven on breaking it; while an 11 inverae” 
current produced inverse results. Little is, however, yet, 
known of the conditions of conductivity of the matter of 
the nerves; they com!net better than muscular tissue, 
curtilage, or bone ; but of all substances in the body the 
blood conducts bent. Powerful currents doubtless electro¬ 
lyse the blood to some extent, coagulating it and the 
albumin it contains. The power of vmirtulimj under the 
intlueneo of the current appear* to be a distinguishing 
property of protoplasm wherever it occurs. Ida* anaeha, 
the moat structureless of organisms, suiters eout met ions. 
Ritter discovered that the snmtivr plant shuts up when 
eleetrifled, and Rurdon Sanderson has shown that this 
property extends to other vegetables, being exhibited 
by the mmmmmm plant , the Diomea or Venus's Fly 
Tmp. 

257, Animal EJleotrioity,— Although, in hit later 

writings at least, Unlvanl admitted that this electricity 
thus operating arose from the metals employed, he imrixtctl 
on the existence of an animal dtrtruity resilient in the 
muscular anti nervous struct urea lie showed that con¬ 
tract inua could be produced without using any metals at 
all by merely touching a nerve at two d life rent points 
along its length with a mmmd of muscle rut from a living 
frog ; and that a conductor of one metal wlicit joining a 
nerve to a muscle also mitlleed to cause contraction in the 
latter. Onlvnni and Aldini regarded these facta m a 
disproof of Volta’s contact theory. Volta regarded them 
a« proving that the contact between nerve and muscle 
itself produced (m in the ratat of two dissimilar metal*) 



tively connects! 1>y a water-contact with the terminal# of 
a delicate galvanometer, a ninrnt in produced which lasts 
several hours : he even arranged a number of frogs’ legs 
in series, like the cells of a buttery, ami thus increased the 
current. Matleucci showed that through tin* muscle alone 
there may be an electromotive**force. Du Hois Raymond 
has shown that if tins end of a muscle be cut across, the 
ends of the muse.ular fibres of the transverse section are 
negative, and the xulm of the muscular fibres art* positive, 
and that this difference of potential will produce a current 
even while the muscle is at rest. To demonstrate this he 
employed a fine astatic, galvanometer with iRMiuo turns 
of wire in its coils ; and to obviate error# uridug from the 
contact of the ends of the wires with the tissues, unjtnt<trt> 
able elect mbs were used, made by plunging terminal zinc 
points into a saturated solution of sulphate of zinc, con¬ 
tained in a fme glass tube, the end of which was stopped 
with a porous plug of moistened chirm day. Normal 
muscle at rest shows no current whatever between its 
parts. Injured muscle at rest shows a current from the 
injured toward the uninjured part (returning toward the 
injured part through the galvanometer). Normal muscle 
when active shows a current from the active part toward 
the resting part. Du Bois Raymond obtained currents 
from his own muscles by dipping the tips of his fore¬ 
fingers into two cups of salt water communicating with the 
galvanometer terminals. A sudden contraction of the 
muscles of either arm produced a wimjnt from tint con¬ 
tracted toward the \mcontraeted muscles, Dewar hint 
shown that when light falls njwm the retina of the eye 
an electric current is set up in the optic nerve. In the 
skin, and especially in the skin of the common wI, there 
is an electromotive-force from without inwards, 

268, Surgical Applications, —* KUtcirio mi mm is 





CHAP. Ill 


SURGICAL APPLICATIONS 


243 


Since tlie discovery of the Leyden jar many attempts have 
been made to establish an electrical medical treatment. 
Discontinuous currents, particularly those furnished by 
small induction-coils and magneto-electric machines, are 
employed by practitioners to stimulate the nerves in 
paralysis and other affections. Electric currents should 
not be used at all except with great care, and under the 
direction of regularly-trained surgeons. It is not out of 
place to enter an earnest caution on this head against the 
numerous quack doctors who deceive the unwary with 
magnetic and galvanic “ appliances.” In many cases 
these much-advertised shams have done incalculable 
harm: in the very few cases where some fancied good 
has accrued, the curative agent is probably not magnetism, 
but flannel! 

The usual pathological dose of current is from 2 to 10 
milliamperes. Apparatus pretending to cure, and incapable 
of furnishing such currents, is worthless. Continuous 
currents appear to produce a sedative effect around the 
anode, which is of service in neuralgia and painful affec¬ 
tions, and an increase in irritability around the kathode, 
useful in cases of paralysis. The continuous current is 
also employed electrolytically to disperse tumours. Alter¬ 
nate currents, and rapidly interrupted uni-directional 
currents stimulate the nerves. 
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KTiKH'UOHTATICH 

Lisbon XXL— Thmra uf Potential 

259, By the lemons in Chapter I. the student will 
have obtained some elementary notions upon tint exist¬ 
ence and measurement of definite quantities of electricity. 
In the present lesson, which is both one of the hardest 
and one of the most important to the beginner, anil 
which he must therefore study the more carefully, the 
laws which concern the magnitude of electrical quantities 
and their measurement are more fully explained. In no 
branch of knowledge is it more true than in electricity, 
that “ science is measurement, 11 That part of the science 
of electricity which deals with the measurement of 
charges of electricity is called Electrostatic**. We 
shall begin by discussing first the simple laws of electric 

•f/twtn f ♦ rt ?0*ltf lit t ^HilthiHt f 1 >«» 



Lohhoii L Though familiar to the student, and apparently 
simple, these fae.ts require for their romplete explanation 
the aid of advanced mathematiral analysis, They will 
hero he treated an wimple farts of observation. 

201. Second Law of Bleotrostatios.-- The force 
exerted between two ehan/en of electricity (supposing them 
to bo col levied at points or on two small aphony) in direr tip 
proportional to their prod net, and i n rernltj proportional to 
the, square, of the distance between them. Thin law, dim’overed 
by Coulomb, and railed (Nmlombs Law, was briefly alluded 
to (on p. 21) in the neeount of experiment?* nmdr with 
the torHion-bulanee ; and examples were there given in 
iHunt ration of both parts of the law. We saw, too, that 
a similar law held good for the furors exerted between 
two magnetic point poles, (‘otdomb applied also the 
nu‘thod of oscillations to verify tbe indications of the 
torsion-balance and found tbe results entirely eonfirmed. 
Wo may express the two clauses of <'oulomlt'* Ijiw in the 
following symbolic manner. Let/ stand for the force, q 
for the quantity of elee, triedty in one of the two charges, 
and f/j for that of the other charge, and let r ntuml for 
the. distance between them. Then, 

(l) / is proportional to q x q\ 

and (2) / is proportionid to y 

These two expressions may be combined tnto one ; 
and it is moat eouvenient ho to * ho< m* mu* units or 
standards of measurement that we may write our symbols 
m an equation : 

e V * f i\ 

1 " r* 

202. Unit of Bleotrio Quantity. If we are, 

however, to write thin m mu emoiltfv. if U t* tl 


Electricians of all nations have agreed in adopting a 
system whirl* is based upon three fundamental units; 
viz. the Centimetre for a unit of l myth ; the Gramme 
for a unit of num ; the Second fur a unit of time, All 
other units ran he derived from these, im in explained 
in the note at the end of thin lesson. Now, amongst 
the derived units of this system i« the unit of /«m» t 
named the Dyne, whirl* w that hove wlu* h, acting for 
one second on a man* of one gramme, imparts to it 
a velocity of one centimetre per second. Taking the 
dyne the** ns the unit of force, and the eeiitiiuetre an the 
unit of length (or distance 1 *, we must fmd a unit of electric 
quantity to agree with these in our equation, it is quite 
clear that if*/, q\ and r were earl* made equal to l (that 
is, if we took two changes of value 1 each, and placed 

them one centimetre apart), the value of if wouhl lie 
1x1 

which is equal to 1, Hence we adopt, m our 

Definition of a Unit of Kicctrmiy,* the following, which 
we briefly guvo at the end of Lmum 11, t/#ic Unit 0 / 
Electricity t$ that quantity which % when plttecd at a distance 
of one centimetre (fa. air) from a niurilar and equal quantity 
rqmls it with a force of one dyne. 

An example will aid the student to understand the 
application of Coulomh’a Law, 


Example.—Two small sphomq charged with 

8 mi its ami 8 unit# of !■ electricity, are plunnl i mitl* 

Metro# apart; Had what torn* they exert mi mm 

another. By the formula, / , we find / ei 


0x8 48 

4 a 1(1 


8 dyne#. 


The force in the almve example would clearly W a 

f\C I...*..., l I 1 - ... t a\ * * 


negative, the product q x q' would have had a — value, 
and the answer would have come out as minus 3 dynes. 
The presence of the negative sign, therefore, prefixed to a 
force, will indicate that it is a force of attraction , whilst 
the + sign would signify a force of repulsion. 

The intensity of an electric field (Art. 266) being 
measured by the force it exerts on a unit charge, it at once 
follows that at a distance of r (in air) from a charge q the 
intensity of the electric field due to that charge will be q/r 2 . 
If the intervening medium be not air, but have a specific 
dielectric capacity 1c, the field will be only q/kr 2 . 

263. Potential.—We must next define the term 
potential, as applied to electric forces ; but to make the 
meaning plain a little preliminary explanation is necessary. 
Suppose we had a 4* charge on a small insulated sphere 
A (see Fig. 144), placed by itself far from all other 
electric charges and conductors. If we were to bring 
another positively-charged body B near it, A would repel 
B. But the repelling force would depend on the quantity 
of the new charge, and on the distance at which it was 

A P Q B r ' B' 

O-e~.e.©■. &~ 

Fig. 144. 

placed. Suppose the new charge thus brought near to be 
one 4- unit; when B was a long way off it would be 
repelled with a very slight force, and very little work 
need be expended in bringing it up nearer against the 
repelling forces exerted by A ; but as B was brought 
nearer and nearer to A, the repelling force would grow 
greater and greater, and more and more work would have 
to be done against these opposing forces in bringing up 
B. Suppose that we had begun at an infinite distance 
away, and that we pushed up our little test charge B from 
B' to B" and then t 0. and so finallv moved it ur> to tho 




ahould have had to impend it ccrtoitt amount **f m*rk; that 

work represent*! the imimtmt* til, flu* point I 1 duo to A. 
For the following in the dejtniikm of olootrio potfttttlfid: - 
The potmtial at any }wint u the mtrk that mmi fr »pent 
upon a unit of pmiiim electricity in hnmjimj it up in that 
point from an infinite distance, Had I ho charge on A 
been a • * charge, the torn* would have horn mw of attraction, 
in which aim* wo should have theoretically to tnetuatre 
the potential at l 1 , either by the opposite pt'orc** of placing 
there a -f unit, and then removing it to an infinite distance 
against the nit motive forces, or elm* by measuring the 
amount of work which would be dm* % n | unit in 
being attracted up to 1* from an infinite distance, 

It can he shown that where thert* are more elect rifted 
bodies than one to be considered* the potential due to 
them at any point i« the sum of the iat that 

point) of trneh one taken separately, 

It can also he shown that the jiolentml at a point 1\ 
near an electrified particle A, m wfuttl to the quantify of 
electricity at A divided by th© distance lad ween A and P, 
Or, if the quantity be tallied #/, and the dbtiinre r, the 
potential is q 4- r, t 

Proof. ^Fir$t determine th* difference *»f poleiitinl Mwecii 
point P and point dm to a charge of rinrtrleily q «n » nitwit 
sphere at A. 

" Call distance AP r» atttl AQ e\ Them IH| r* r. Tim 

difference of potential between anti P in the mwk done in moving 
a + unit from Q to P against the force ; am I »inm 


* In its widest meaning the term “ potential" imwt t* titidendtittd m 
“power to do work.” For if we Have to do a certain unatdity of work 
against Urn repelling force of a charge in bringing up a unit of etwirfeuy 
from an infinite distance, just m much work has the ehmm power t*» do, 
for it will spend an exactly wp»l amount of work in pushing the unit of 
olaotrtaity tack to an infinite distomte. If we lift a ftotmd five feet high 
Against the form of gravity, the weight of the {round can tw turn do tlv# 
foot-pounds of work in foiling tack to the ground, 


work k»* (average) force x distance through which it 
in overcome 
Vr •V«*^/(r # r). 

Force ft t r exerted by q on n l unit qn % 

md the force ai Q, exerted by r/ on n f unit v// a . 

Huppono now that the dintnuee I’Q he divided into any Mimlwr 
(n) of tv pud purtH rr h r.r.j, r./ ;! ,.* 4 » • r ‘» d * 

The force nt r <//> . 

1 1 m f//r, a .... eh. 

Now Htuce r ( may bo iimdo uh ehwe to r u»» wo eimmse, If wo only 
tnko n ft large enough number, we j*lmll commit no teiimw orior 



tig. nr*. 


it) miiMMiHiiin that r v f, 1* « f«ir nami hftw...>i. ; ' J nm| rfi l.mi.'f. 
w« nmy lommm' tlm mwf furi'o «vor ttw «)i«rt lr»KU» (n.m 

r to t, to 1 h> • 

* |*f t 

Hence the work done in pawing from rj to r will be 



n 


Un it nindiftr ftHMumptiou, tbo work done In pawing from r % to 
will be 



^ V nnd tbnt i 

V 


lone from r\, to r-j will be 


“ 7 f 1 1 \ f etc., giving ur n equutinwii, of which the 

\r* r,j/ 

last will be the work done in pawning from / to 


valueH of r cnueel out, and wo get fur the voe k done m piecing 
from Q to I* 

Vi ' v,f 7 (!■ !■)• 

Next suppose Q to l*o uit iutmito dktiueo from A. Here r* 
> • infinity, suul 0 , In that now 1110 otpmthm freemen 

V, 7 . 

r 

If there nro a number of oiortrifio*! particle:* at different 
distances from P, the separate values of the potential */ r 
due to each electrified particle separately ran be found, 
ami therefore the potential at Peon hr fa mid hij dividimj the 
quantify of rack chary % it$ distance front the paint f\ and 
then addimj up toythcr the iepamte a mount a mi ahtainrd, 
The symbol V In generally lined to represent potential* 
The potential at P we will call V, % then 

V, <» C I_He, 

r r r 

or V,. S v . 

r 

Thin expression -y/r represents the work done im or hj it 
unit of + electricity when moved up to the given point 
V from an infinite distance, according an the potential 

at P is positive or negative, 

264. Zero Potential. . At a place infinitely distant 

from all electrified bodies there would In* no electric forces 

and the potential would he Kero. Pur jnsrfmitrs of coin 
venienoo if is, however, usual to consider the potenikl of 
the earth as an arbitrary Kero, just as it is convenient to 
consider u sea-level ” m a zero from which U* tiieiwure 
heights or depths (see Art. 20$), 

265. Difference of Potential®. Him*® jtoUmtml 



potential "between two points in the trork to be done on 
or by a + unit of electricity in carrying it from one pn'nl 
to the other. Thun it V,* represents the potential at 1\ 
and V 4 the potential at another point Q % the dill'erniee of 
potential V,, - V Q denote** the work done in moving up 
the, 4-unit from Q, to P. It is to be noted that since thin 
value depends only on the values of tin* potential at P 
and at Q„ and not on the values at intermediate points, 
the work done will be, the same, whatever the path along 
which the partiele moves from Q to P. In the same way 
it is true, that the expenditure of energy in lifting a 
pound (against the earth's attraction) from one point to 
another on a higher level, will he the same whatever the 
path along which the pound is lilted, 

280. Electric Force. The definition of a work ” in 


the product of the force overcome into the distance through 
which the force is overcome, ; or work force x dis¬ 
tance through which it is overcome. 

Hence, if Urn di Terence of potential between two points 
is tins work done in moving up our T unit from one 
point to the other, it follows that the average elect tie force 
between those points will btt found by dividing this 
work ho done by the distance Imtween the fwintu ; or 


V,. 




i / (the average electric force along the line 


PQ). The (average) electric force is therefore the rate of 
change of potential per unit of length, If P and Q are 
near together the force will he practically uniform 
between P and Q. The term electromotive intemity ia 
sometimes used for the force in an electric field* 

We may represent thin intensity of the electric field 
by supposing the number of electric linen per square 
centimetre to he drawn to represent the number of dynes 
of force on a + unit placed at the jaunt* 

287. Enul-natAntifH PturfhAM. A idomm nf hIim*. 


centra* We Imve mm that the tom* e mu ted by mvh ti 
charge falls o ff at a distance from the hull, the force 
becoming less au<l less m tin* square <»f the distance 
increases. But the force in the mime in amount at all 
pointa equally distant from the small charged sphere, 
And the potential in the name at nil points that arc 
equally dinfant from the charged sphere. If* in big. 145, 
the point A repreaentu the sphere charged with q units ol 



Fi«. us. 

electricity, then the potential at I\ which we will call 
V Jt) will be equal to qjr f where r in the distance from A 
to P. But if we take any other point at the same di* 
lance from A its potential will nl»« l»e *//>. Now nil the 
points that are the stunts distance from A m P k» will he 
found to lie upon the surface of a sphere whose centre m 
\t A, and which is represented hy the elrcle drawn through 
P, in Pig. 146. All round this circle the potential will 
have equal values ; hence this circle represents an ©Qttb 
potential eurf&ce, The work to lie done In bringing 
ap a 4* unit from an infinite distance will he the muue, no 

* The Htutat must Iws wamol that thin emmn. t« )*» tm« If ntlist 
Umrgw ar« brought very near t*» the aptiw, f«*» ilim lt»» *Wtr tatty will 



matter what point of this eqnipotential surface it in 
brought to, and to move it about from one point to 
another in the eqnipotential surface requires no further 
overcoming of the electrical forccH, ami involves therefore 
no further expenditure of work. At another distance, 
say at the point Q, the potential will have another value, 
and through this point Q another equipoteutial surface 
may he drawn. Suppose we chose Q ho far from P that 
to push tip a unit of 4-electricity against the repelling 
force of A required the expenditure of just one erg of 
work (for the definition of one m/ w i r the Note on Units 
at the end of thin lesson) ; there will he then unit 
di femur of 'potential between the surface drawn through 
Q and that drawn through P, anil it will require one 
m/of work to carry a 4-unit from any point on the one 
surface to any point on the other. In like manner wo 
might construct a whole uptnu of eipiipotential surfaces 
about tin* point A, choosing them at much distances that 
there should he unit difference of potential Iwtuecii each 
one and the next. The widths between them would get 
wider and wider, for, mince the force falls off tin yon go 
further from A, you numb in doing one erg of work* bring 
up the unit through a longer dint&uce against the 
weaker opposing force* 

The form of the iqulpoteniial mirfaees about two mittill 
electrified bodiei placed near to one another would not 
he spherical ; and around a number of electrified bodies* 
placed near to one another the equipoteuliu! surfaeea 
would he highly complex in form. 

288. Line® of Foroo. - The electric fom% whether 
of attraction or repulsion, always acts arrow the wjui- 
potential surface** in a direction normal to the mrfaoe* 
The lines which mark the direction of the multant 
electric forces are sometimes called lines of electric force. 
In the ease of the mingle electrified iphere the lines of 

force Would be utmhflit bmm. wuHi of the Hvsiom of mtnb 



curved ; in Huh am* the resultant toree nt any point 
would he in the direetion of the tangent to the curve ai 
that point. Two linen of force riinnof rut one another, 
for it in impossible ; the result nut force nt tt point cannot 
act in two directions nt once, The positive direction 
along a line of force in that direction in which a small 
positively-charged body would he impelled hy the elcctrif 
force if free to move. A space hounded hy a number of 
lines of force ii sometimes «|«»krn of as n tuiw »*/ fmw, 
All the space, lor example, round a small insulated 
electrified Hphere may 1m regarded as mapped out into a 
numher of conical tubes, each having its *ijk*x at the 
centre of the sphere. The total electric force exerted 
across any section of a tuU* of force in constant wherever 
the section he taken. 

209. Potential within a dosed Conductor,— 
The experiments related in Arts. to *lfl prove most 
convincingly that there is no dedtk ftm v imuk a dmml 
conductor due to chnrgm outfit fo or tm the mrfrm *»/ the am* 
ditrUrr. Now we have shown iiImivii that tikefrkt fomi is 
the rate of change of potential |*er unit of length. II 
there is no electric force there is no change of |wtentilth 
The potential within a closed conductor (for example, a 
hollow sphere) due to charges outside nr on the surface 
is therefore the mine all over this interior; the mime iw 
the potential of the surface. The mrftm «/ a timed am* 
duetor it nmtmniy an §qni§Mmdml mr/mt, tf it were 
not at one potential there would be it flow of rUwtricity 
from the higher potential to the lower, which would 
instantaneously establish equilibrium and reduce the 
whole to one potential. The student should clearly dis¬ 
tinguish between the surface-density at a point, itnd the 
potential at that point due to neighbouring charge* of 
electricity. We know that whin an itiecirilititl body Is 
placed near an insulated conductor the nearer and farther 


ami - charges on the conductor had not separated by a 
movement of electricity from one Hide to Urn other, a 
difference of potential would exiat. between those sides 
because they are at <li(ferent distances from the electrified 
body. But that in a slate of affaire which could not 
continue in the conductor, for the difference of potential 
would cause electricity to flow until the combined potem 
tial due to the electrified body and the char yen at the 
opposite widen wan the name at every point in the 
conductor. 

The potential at any point in a conducting sphere 
(hollow or solid) due to an electrified particle A, situated 
at a point outside (Fig. 148), in equal to the quantity of 
electricity q at A divided hy the distance between A and 
the centre of the Hphere, For if B he the centre of the 
Hphere, the potential at 11 due to q i« qji\ where r All ; 
hut all pointn in the Hphere are at the same jmtential, 
therefore they are all at the potential r//r* 

The earth in a large conducting sphere. Tin potential, 
due to a positive charge q near to its iurfaect, is f//r, where 
r nmy he taken m the radius of the earth j that is, 
(130,000,000 centimetres. But it t« iinpfi««bks to pro* 
duee a + charge q without, generating fdset an equal 
negative charge - q ; in the potential of the earth due to 
both charges w qjr^qjr^ 0 (mm Art, 204), 

270, Law of Inverse Squares.- An important 
consequence follows from the absence of electric force 
inside a closed conductor due to a charge on its surface ; 
tit in fact enables uh to demonstrate the necessary truth of 
the law of inverse squares M which wiw first experi¬ 
mental ly, though roughly, proved by (loulomb with the 
torsion balance. Bupposu a V anywhere iiwitki a 

hollow apkerts charged with eieetrkdiy (Fig, 147), The 
charge is uniform all over, amt the quantity of electricity 
on any small portion of its surface will he proportional to 



placed at P with a certain force. Now draw the Unci 
AD and BO through i\ and regard these m mapping out 
a small conical surface of two sheets, having its apex at P ; 

the small area <‘1> will re pm- 
sent the end of the opposed 
cone, and tin* electricity on 
01) will also net on the «f unit 
placed at i\ ami repel it Now 
these surfaces AB and 01), and 
the charges on them* will he 
directly projmrtumul to the 
mputm of their resjmetive dm* 
timce.H from i\ lf t then, the 
forces which they exercise on P 
exactly neutralize one another 
(as experiment shows they do), it ia clear that the electric 
force must fall off invemiy m the #(uare* if the tiwlanm; 
for the whole surface of the sphere can ho imqqied out 
similarly by imaginary cones drawn through l\ Thu mourn¬ 
ing can be extended also to hollow conductors of any form, 
271. Capacity.— In fa«won IV. the student wai 
given some elementary notions on the subject of the 
Capacity of conductors. We are now ready to give the 
precise definition. The Kleetrostat in Capacity of a 
conductor is measured by tlm quantity tf dnitmiy whkh 
mud bi imparted to it in order to mm it* fmimiud from 
mro to %m%ty. A small conductor, such m tin insulated 
sphere of the size of a pm, wilt not want m much m one 
unit of electricity to raise its jmiential from ti to I * it 
is therefore of small capacity—-while a largo sphere will 
require a large quantity to raise its potential to the mnw. 
degree, and would therefore he mid to be of large cajmcity, 
If K stand for capacity, and Q for a quantity of electricity, 

K ... ^ nml KV • Q. 



of electricity necessary to charge a given conductor to 
a given potential in numerically equal to the product of 
tho. capacity into the potential through which it in mined. 
The capacity of an insulated body in affected by the 
presence of neighbouring conductors Whenever we 
speak of the capacity of a body, we mean of that liody when 
violated an well an insulated. 

272, Unit of Capacity. . A conductor that required 
only one unit of electricity to mine its potential from 0 to 
l, would be Bind to possess unit eapavitij, A sphere one 
centimetre in radius possesses unit capacity ; for if it be 
charged with a quantity of one unit, thin charge wilt 
act an if it were collected at its centre, 

At tlie surface, which w (me centimetre 
away from the centre, the potential, ^ 
which in measured iw <///*, will be l, 

Hence, as l unit of quantity raises it to 
unit 1 of potential, the sphere |m inarm*# 
unit capacity, Tim mjwmtm of »ph$re* Pig, hh, 
(mdatrnt in air) am pnquwHmml to thmr 
radii. Wit may imagine the charge q (Fig, 148 ) kiliig 
brought nearer imd nearer the ffphere until it rtiitdnii the 
surface, then r becomes the radius of the ijtlstm We 
may further imagine the imrfiica completely covered 
with little quantities r/, so m to have a total charge Q 
uniformly distributed, Knelt little quantity would 
give to the sphere a potential q/r ; the total potent ltd 
of the sphere due to tin* charge Q on its surface would 
he Q/r. The greater the upbore the less would be the 
potential at any point in it due to the same charge Q, 
Thus it would lie necessary to give a charge of Hit) unit# 
to a sphere of IOC) centimetres* radius In tinier to raise it* 
potential to unity, It therefore Inw a eiipncity of 100, 
r fhe earth has a capacity of about (hit) mil lit inn (in electro 
static units).* It is almost imm»sfbl« to ealeukm tlm 



that the capacity of a sphere, as given above, means its 
capacity when far removed from other conductors or charges 
of electricity. The capacity of a conductor is increased by 
bringing near it a charge of an opposite kind; for the 
potential at the surface of the conductor is the sum of 
6he potential due to its own charge, and of the potential 
of opposite sign due to the neighbouring charge. Hence, 
to bring up the resultant potential to unity, -a larger 
quantity of electricity must be given to it ; or, in other 
words, its capacity is greater. This is the true way of 
regarding the action of Leyden jars and other condensers, 
and must be remembered by the student when he 
advances to the consideration of the theory of condenser 
action, in Lesson XXIII, 

273. Surface-Density.* — Coulomb applied this 
term to denote the amount of electrification per unit of 
area at any point of a surface. It was mentioned in 
Lesson IY. that a charge of electricity was never dis¬ 
turbed uniformly over a conductor, except in the case of 
an insulated sphere. Where the distribution is unequal, 
the density at any point of the surface may be expressed 
by considering the quantity of electricity which exists upon 
a small unit of area at that point. If Q be the quantity 
of electricity on the small surface, and S be the area of 
that small surface, then the surface-density (denoted 
by the Greek letter p) will be given by the equation, 


* The word Tension is sometimes used for that which is here precisely 
defined as Coulomb defined it. The term tension is, however, unfortunate ; 
and it is so often misapplied in text-books to mean not only surfaco- 
density but also potential, and even electric force (i.e. the mechanical 
force exerted upon a material body by electricity), that we might well 
avoid its use altogether. The term would be invaluable if we might) 
adopt it to denote only the mechanical stress across a dielectric, as in Art. 
279. This was Maxwell’s use of the word, denoting a pulling force dis¬ 
tributed over an area, just as the word pressure means a distributed 



In dry air, ilia limit to Ilia possible electrification in 
reached whan the density ri'iicltoH the value of about iiti 
units of electricity per square centimetre. If charged to 
a higher degree Hum thin, ilia electricity escapes in 
u sparks” and “brushes” into flta air. In the caw of 
uniform < distribution over a surface (m with tha sphere, 
and ns approximately ohtainad on a flat clink by a parti¬ 
cular daviaa known an a guard* ring\ tin* density in found 
by dividing tha whole quant ity of tha charge by tha 
whole mirfara. 

274. Surfaoo-DonRlty on a Sphorev Tin* mirfiiaw 
of a sphere whose radius m r, in 4irr ! » llenee, if n 
charge Q be imparted to a sphere of radius r, tha surface 

density all over will be p :i ; or, if we know flit' 

surface' * density, the quantity of the charge w ill lie 
Q '\7rr'p. 

The surface-density on two tphnra joined by n thin 
wire in an important cane. If the upborne are itiieqnnl, 
tliey will share the charge in proportion to their mpneitiea 
(see Art, 40), that in, in proportion to their radii. If the 
spheres are of radii 2 and l, the ratio of their dharjftti 
will also he*, tin 2 to 1. But their respective dettilttw will 
he* found by dividing the quantities of electricity on each 
by their respective surface's. But the surfaces are pro¬ 
portional to the squares of the radii, ix an 4:1; hence, 
the densities will be as l ; 2, or in rawly cot thr rndii* 
Now, if one of these* spheres be very small no bigger 
than a point the* density on it will be relatively 
immensely great, ho great that the air particles in 
contact with it will rapidly carry off the charge by 
convection. This explains the notion of point* in dbe 
charging conductors, noticed in dhupter L, Arts. W t 4& # 
and 47. 

276. Electric Xmafreft.—Tt enit he shown nmthc> 



r, at a distance d from its centre, the negative induced 
charge will be equal to - qr/d, and will be distributed 
over the nearest part of the surface of the sphere with a 
surface-density inversely proportional to the cube of the 
distance from that point. Lord Kelvin pointed out that, 
so far as all external points are concerned, the potential 
due to this peculiar distribution on the surface would be 
exactly the same as if this negative charge were all 
collected at an internal point at a distance of r~r~/d 
behind the surface. Such a point may be regarded as a 
virtual image of the external point, in the same way as in 
optics we regard certain points behind mirrors as the 
virtual images of the external points from which the rays 
proceed. Clerk Maxwell has given the following defini¬ 
tion of an Electric Image:— An electric image is an 
electrified point , or system of points , on one side of a surface , 
which would produce on the other side of that surface the 
same electrical action which the actual electrification of that 
surface really does produce,. If the sphere is not connected 
to earth, and were unelectrified before + q was brought 
near it, we may find the surface-density at any point by the 
following convention. Imagine that there are coexisting 
on the sphere two charges, — rqjd and + rq/d respectively, 
the first being distributed so that its surface-density is 
inversely proportional to the cube of'the distance from 
the electrified point, and the second being uniformly 
distributed. The actual surface-density is the algebraic 
sum of these two. A + charge of electricity placed 
1 inch in front of a flat metallic plate induces on it a 
negative charge distributed over the neighbouring region 
of the plate (with a density varying inversely as the cube 
of the distance from the point); but the electrical action 
of this distribution, so far as all points in front of the 
plate are concerned, would be precisely represented by 
its f< image,” namely, by an equal quantity of neea- 



method have been made, enabling the distribution to be 
calculated in difficult cases, as, for example, the distri¬ 
bution of the charge on the inner surface of a hollow 
bowl. 

276 . Force near a Charged Sphere.—It was 
shown above that the quantity of electricity Q upon a 
sphere charged until its surface-density was p, was 

Q = 4:7T? 3 p. 

The problem is to find the force exercised by this 
charge upon a + unit of electricity, placed at a point 
infinitely near the surface of the sphere. The charge on 
the sphere acts as if at its centre. The distance between 
the two quantities is therefore r. By Coulomb’s Law the 

force/=^ = i^ = 4*y>. 

This important result may be stated in words as 
follows :—The force (in dynes) exerted by a charged sphere 
upon a unit of electricity placed infinitely near to its surface , 
is numerically equal to 4tt times the surface-density of the 
charge. 

277 . Force near a Charged Plate of indefinite 
size.—Suppose a plate of indefinite extent to be charged 
so that it - has a surface-density p. This surface-density 
will be uniform, for the edges of the plate are supposed 
to be so far off as to exercise no influence. It can be 
shown that the force exerted t by such a plate upon a + 
unit anywhere near it, will be expressed (in dynes) 
numerically as 27rp. This will be of opposite signs on 
opposite sides of the plate, being + 27 rp on one side, and 

- 27rp on the other side, since in one case the force 
tends to move the unit from right to left, in the other 
from left to right. It is to be observed, therefore, that 
the force changes its value by the amount of 47 rp as the 
point passes through the surface. The same was true 

nf f-.TiP pTi nrcyprl srWiprp wTi ptp. flip fmv.fi rvntairlp w.na Arm 



surfaces. These two propositions arc of the utmost im- 
portanco in the theory of Kliwtroslutics. 

278. Proof of Theorem. — The. elementary geo¬ 
metrical proof is as follows : - 

Required the Electric Force at point at a n if diatn nee from a 
plane of infmite extent chttnjed to mirfaccoienait}} />. 

Lot P bo the point, and l\\ nr a the normal t«» the plane. 
Take any small eono having its apex at l*. Let the solid angle 
of this cone be w; lot its length he r; amt 0 the angle its a via 



uiakoH with a. The oum meetii the mirfnee of the plane ohliqmdy, 
and if an orthogonal section 1m made where it meets the plane the 
angle between these tteetioiiH will lie 0. * 

Now solid imgki u 1» by doUiiitiou s or,1, "K""“ l »«'» "f 
Ilauoo, area of oblique suction js ru> 

«*OK tt * 

charge on oblique section r- 1 

com ft 

Hence if a q. unit of electricity were placed at f\ th«* force 
exerted on this by this small change *■*” v \ ; 

COM 0 

or w f* * 

com tf 

Resolve this force into two parts, one acting along the plane, 

the other along normal to the plane. The normal omtigtotumt 


But the whole surface of the plane may be similarly mapped 
out into small surfaces, all forming small cones, with their summits 
at P. If we take an infinite number of such small cones meeting 
every part, and resolve their forces in a similar way, we shall 
find that the components along the plane will neutralize one 
another all round, while the normal components, or the resolved 
forces along a , will be equal to the sum of all their solid angles 
multiplied by the surface-density ; or 

Total resultant force along a = Swp. 

But the total solid angle subtended by an indefinite plane at a 
point is 27r, for it subtends a whole hemisphere. 

. *. Total resultant force = 2irp. 

279. Electric Stress in Medium. — In every 
electric field (Art. 13) there exists a tension along the 
lines of electric force accompanied by an equal pressure 
in all directions at right angles to the lines. If F stands 
for the resultant electric force on a +• unit placed at any 
point in the field (i.e. the “electromotive intensity” at that 
point), the tension will be equal to F 2 /87r (dynes per 
square centimetre). In media having dielectric capacities 
greater than unity the tension is proportionately greater. 
For the optical effects of these stresses see Art. 525. 


NOTE ON FUNDAMENTAL AND DERIVED UNITS 

280. Fundamental Units.—All physical qualities, such as 
force, velocity, etc., can be expressed in terms of the three 
fundamental quantities : lengthy mass, and time. Each of these 
quantities must be measured in terms of its own units. 

The system of units, adopted by almost universal consent, 
and used throughout these lessons, is the so-called “ Centi¬ 
metre-Gramme-Second ’’ system, in which the fundamental units 
are :— 

The Centimetre as a unit of length; 

The Gramme as a unit of mass ; 

The Second as a unit of time. 




represents one thousand-millionth part, or 1<0 opow oo a quadrant 
of the earth. 

The Metre is 100 centimetres, or 39*37 inches. 

The Kilometre is 1000 metres, or about 1093*6 yards. 

The Millimetre is T \ of a centimetre, or 0*03937 inch. 

The Gramme represents the mass of a cubic centimetre of water 
at 4° C., this is equal to 15*432 grains : the Kilogramme is 1000 
grammes or about 2*2 pounds. 

281. Derived Units.— 

Area .—The unit of area is the square centimetre. 

Volume. —The unit of volume is the cubic centimetre. 

Velocity. —The unit of velocity is the velocity of a body which 
moves through unit distance in unit time, or the velocity of 
one centimetre per second. 

Acceleration. —The unit of acceleration is that acceleration 
which imparts unit velocity to a body in unit time, or 
an acceleration of one centimetre-per-second per second. 
The acceleration due to gravity imparts in one second a 
velocity considerably greater than this, for the velocity 
it imparts to falling bodies is about 981 centimetres per 
second (or about 32*2 feet per second). The value differs 
slightly in different latitudes. At Greenwich the value of 
the acceleration of gravity is g = 981 *1; at the Equator 
g = 978*1 ; at the North Pole ^=983*1. 

Farce. —The unit of force is that force which, acting for one 
second on a mass of one gramme, gives to it a velocity of 
one centimetre per second. It is called one Dyne. The 
force with which the earth attracts any mass is usually 
called the “weight” of that mass, and its value obviously 
differs at different points of the earths surface. The 
force with which a body gravitates, i.e. its weight (in 
dynes), is found by multiplying its mass (in grammes) by 
the value of g at the particular place where the force is 
exerted. One pound force in England is about 445,000 
dynes. 

Work .—The unit of work is the work done in overcoming 
unit force through unit distance, i.e. in pushing a body 
through a distance of one centimetre against a force of one 
dyne. It is called one Erg. Since the “ weight ” of one 
gramme is 1 x 981 or 981 dynes, the work of raising one 
gramme through the height of one centimetre against the 
force of gravity is 981 ergs. 


Jflfttt, Tin* unit of heat, the co/wic, i« the amount of bout 
required to warm otto gramme tunm of wain* from 0' to 
1” ((\) ; amt the dynamical equivalent of thin amount of 
heat in 42 million rjv/.v, which in I ho value of Joule's o<jiti 
valent, an expressed in (‘.U.B. menHure (mm also Art, 4iih). 

'tin*,*io units are sometimes railed 11 absolute" nulls ; the term 
ahnuluh\ introduced hy (hums, meaning that they mm imlejamdent 
of the id/e of any particular instrument, or of the value of gravity 
at any particular place, or of any other arbitrary quantities than 
tin? three standards of length, niuwq and time* It in, however, 
preferable to refer to them hy Urn snore appropriate name of 
M (‘.U.B, units, M irn hint ig thnivet { from tin* centimetre, tin*gramme, 
amt the aerosol, 

2B14. lilloetrkml Unit*. There art' two systems of electrieat 
units derived from the fundamental u M units, one Met being 

baited upon Use force exerted lietween two quantities of electricity, 
amt the oilier upon the force exerted between two magnet poles. 
The former net are termed c/r#*fr<«/«/iV units, the latter riftim- 
vittifnUU: unit h . The important relation Udweeti the two twin in 
explained in (•hap. V., Art. ilfdh 

aSS, SttootroetAtio Unit«, No special nmw « have been 
assigned to the electrostatic uuitn of Quantity, Potential, rapacity, 
etc. The reasons for adopting the following values m units are 
given either In Chapter !. or In the premmfc chapter* 

Unit ttf Quantity*™ The milt of quantity U that quantity of 
electricity which, when placed at a dl»tof»« of one 
centimetre (in air) from ft similar ami equal quantity, 
repels it with a force of mm tignfi (Art. M"i)» 

PaUntitti. —Potential being moAMiml hy tmrk done in moving 
a unit of 4* electricity against the electrics forwt* the unit 
of potential will be measured by the unit of work, the mry. 

Unit Piffmmm t\f PtfmiittL Unit dlfferentie of potential 
exists between two paints, when It requires the expend! ■ 
turn of erne etff of work to bring a 4 unit of electricity 
from one point to the other against the electric force 
(Art. aafi). 

Unit tf t 'apafitty. — That conductor \Hmmmw unit tmptefty 
which requires m charge of one unit of oluctrlclty to bring 
it up to unit imiitntiab A sphere of cma otritlinitni 
radius poweases unit impunity (Art 272). 

Af/i mnjin Imkmtim (tynutUy % or tiktmtrm i« defined 

in Art 205 m the ratio hotwimn two quantities of eluotriclty. 



dwctric. Hold nt any point, and h measured l»y the force 
which it exerts on a unit charge placed at that point. 

It may be convenient hero to append the rules fur 
reducing to their eorreHpunding values in terms of the 
practical (electro-magnetic) units values that may have 
been ex preyed in term* id* flit' electrostatic units, mi 
follows : - 

Potential* To bring to colts multiply by itOO, 

Capacity. To bring to microfarads divide t»y 000,000. 
Quantity, To tiring to coulomb* divide by H x Uf< 
Current, To tiring to ampere* divide by a * In 9 , 

Resistance. To bring to ohm* multiply by U to, 11 

/'Amwp/c— HupjKwn two equally charged japhei©* ufimn «*»»idic»«s ate 

40 centimeto’rt apart are found to repel one another *tth a f«nee 
of 080 dynes ( < about tl»e weight of to grain*). My the law of 
inverne squares we. tlnd that the charge mt eneh In loot (iderlto. 
static) mms. Mivlding by ;t \ to*u©!md that thin amount* to 

0*0000008847 muhnnb . 

284. Dimensions of Units. —- It ban Wen assumed above 
that a velocity can l»o expressed in centimetres per wound ; fur 
velocity is rate of change of place, and it is dear that if change 
of place may tie measured m a length in oenUmetr«\ the rate 
of change of place will be measured by the number of cent! 
metres through which the body moves in milt of time, It is 
impossible, indeed, to express a velocity without regarding it as 
the quotient of a certain number of units of length divided by 
a certain number of units >>i time, In other words, a velocity 

' “V u!m » or » adopting b m a symbol for length, unit T an a 

symbol for time, V=* s which is dill more conveniently written 

V‘=LxT" M b In a similar way acceleration luting rate of 
change of velocity, we have A ^ ^ * 4 h n T~ 9 . 

Now these physical quantities, 11 velocity *’ and M acceleration/’ 
are respectively ahmy* quantities of the same nature, no matter 
whether the centimetre, or the inch, or the mile, la* taken m the 
unit of length, or the second or any other interval be taken as 
the unit of time. Hence we my that these abstract equations 
express the dimension* of those quantities with renjwet f« the 
fundamental quantities length and time. A little consideration 
will show the student that the dimensions of the various units 
mentioned above will therefore lie as given la the table opposite, 

The dimension! of miimifttle \ riif« km* hi ♦)»« Of'wlit*. A *4 


Table of Dimensions of Units 



Units. 

Dimensions. 


{Fundamental) 


l 

Length 

L 

m 

Mass 

M 

t 

Time 

T 


{Derived) 



Area = L x L = 

L 3 


Volume = L x L x L = 

L 3 

V 

Velocity = L -f- T = 

LT" 1 

a 

Acceleration = velocity -f time = 

LT~ 2 

f 

Force = mass x acceleration = 

MLT -2 


Work = force x length = 

ML 2 T~ 2 


{Electrostatic) 

1 *1 . 

<1 

Quantity = \J force x (distance) 2 = 

M- L 5 T 

i 

Current = quantity 4- time = 

L t T -- 

V 

Potential =work 4- quantity = 

l4 

R 

Resistance = potential 4- current = 

L _1 T 1 

C 

Capacity = quantity 4- potential = 

L 

k 

Sp. Ind. Capacity=quantity 4- another quantity 

a numeral 

F 

Electromotive Intensity=force 4- quantity = 

M* L~- T~* 


Lesson XXII .—Electrometers 


285. In Lesson II. we described a number of electro - 


to indicate roughly tlu* amount of the.w charges, but untie 
of them nave tin* torsion balance could ho regarded as 
affording an arc,urate meauH of measuring either the 
quantity or the ‘potential of a given charge, A n instru¬ 
ment for meamrintj <t((lemurs of rleetyostaiu* potential is 
termed an Electromotor. Kurh inst rurnenm mu also 
ho used to measure electric quantity indirectly, for the 
<1 mint ity of a charge can he ascertained In measuring 
the potential to which it can raise a conductor of known 
capacity. Tin* curliest, electrometer* attempted to measure 
the quant it ieH directly. lame and Snow Harris com 
structed u Unit Jaw M or small Leyden jars, which, in 
order to measure out a certain quantify id' electricity, 
were charged and discharged a certain number of 
timcH. 

280. Repulsion Electromotors. 'The torsion 
balance, described in Art. 18, measures quantities Uy 
measuring the forces exerted hy the charges given to the 
fixed ami movable halls. It can only W applied to tins 
measurement of repelling forces, for the equilibrium is 
unstable in the ease of a force of attraction. 

Beside tin* gold-leaf electroscope ami others described 
in Lesson IF., thert*. exist several finer electrometers tawed 
upon the principle of repulsion, some of which resemble 
the torsion balance in having a movable arm turning 
about a central axis. Amongst these are the electrometers 
of Dellmann and of 1VItier. In the latter a light arm 
of aluminium, balanced upon a point, carries also a small 
magnet to direct it in the magnetic meridian, A fixed 
arm, in metallic contact with the movable tine, also lies 
in the magnetic meridian, A charge imparted to lids 
instrument produces a repulsion between the fixed and 
movable arms, causing an angular deviation. Here, 
however, the force is measured not by being pitted against 
the torsion of an elastic fibre, or against gravitation, but 
aiminRfc the directive nmimefie force of the earth iirtiiitr 


of the horizontal component of the earth’s magnetism at 
the place, on the magnetic moment of the needle, and 
on the sine of the angle of its deviation. Hence, to 
obtain quantitative values for the readings of this 
electrometer, it is necessary to make preliminary 
experiments and to “ calibrate” the degree-readings of 
the deviation. 

287. Attracted - Disk Electrometers. — Snow 
Harris was the first to construct an electrometer for 
measuring the attraction between an electrified and a 
non-electrified disk; and the instrument he devised may 
be roughly described as a balance for weighing a charge 
of electricity. More accurately speaking, it was an 
instrument resembling a balance in form, carrying at one 
end a light scale pan; at the other a disk was hung 
above a fixed insulated disk, to which the charge to be 
measured was imparted. The chief defect of this instru¬ 
ment was the irregular distribution of the charge on the 
disk. The force exerted by an electrified point falls off 
inversely as the square of the distance, since the lines 
of force emanate in radial lines. But in the case of a 
uniformly electrified plane surface , the lines of force are 
normal to the surface, and parallel to one another; and 
the force is independent of the distance. The distribu¬ 
tion over a small sphere nearly fulfils the first of these 
conditions. The distribution over a flat disk would 
nearly fulfil the latter condition, were it not for the 
perturbing effect of the edges of the disk where 
the surface-density is much greater (see Art. 38); for 
this reason Snow Harris’s electrometer was very 
imperfect. 

Lord Kelvin introduced several very important modifi¬ 
cations into the construction of attracted-disk electrometers, 
the chief of these being the employment of the <c guard- 
plate” and the providing of means for working with a 
definite standard of potential. It would be beyond the 
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the various forms of attracted-disk electrometer; * but 
the main principles of them all can be readily explained. 

The disk C, whose attraction is to be measured, is 
suspended (Fig. 150) within a fixed guard-plate B, which 
surrounds it without touching it, and which is placed in 
metallic contact with it by a fine wire. A lever L 
supports the disk, and is furnished with a counterpoise. 
In order to know whether the disk is precisely level with 
the lower surface of the guard-plate a little gauge or index 



Fig. 150. 


is fixed above, and provided with a lens l to observe its 
indications. Beneath the disk and guard-plate is a second 
disk A, supported on an insulating stand. This lower 
disk can be raised or lowered at will by a micrometer 
screw, great care being taken in the mechanical arrange¬ 
ments that it shall always be parallel to the plane of the 
guard-plate. Now, since the disk and guard-plate are in 
metallic connexion with one another, they form virtually 
part of one surface, and as the irregularities of distribution 


* For these the student is r ferred to the volume of "Lord Kelvin's 




occur at the edges of the surface, the distribution over the 
area of the disk is practically uniform. Any attraction of 
the lower plate upon the disk might be balanced either by 
increasing the weight of the counterpoise, or by putting a 
torsion on the aluminium wire which serves as a fulcrum ; 
but in practice it is found most convenient to obtain a 
balance by altering the distance of the lower plate until 
the electric force of attraction exactly balances the forces 
(whether of torsion or of gravity acting on the counter¬ 
poise) which tend to lift the disk above the level of the 
guard-plate. 

The theory of the instrument is simple also. Let Y 1 
represent the potential of the movable disk, which has a 
positive charge of surface - density p, and let V 2 be the 
potential of the fixed plate, upon which is a charge 
of surface - density — p. The difference of potential 
V 1 — V 2 is the work which would have to be done upon 
a unit of positive charge in taking it from V 2 to Y v 
Now the force upon such a unit placed between the two 
plates would be (an attraction of 2xp due to the fixed 
plate, and a repulsion of 2irp due to the movable plate, 
see Art. 278) altogether 4xp, and if the distance between 
the plates were D, work = force x distance. 

V^V^TrpD. 

If S is the area of the movable plate, Sp is the total 
quantity of electricity on it; therefore it would be 
attracted by the fixed plate with a force F = 2t p x S p. 
From this we get 



Substituting this value of p in the above equation, we get 

v 1 -v 2 =d a /1J. 

If F is measured in dynes, S in square centimetres, and 

T\ 1 lin in oVlonlllfo £il AA+rn. 
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ninth*. unit*, and tiiunl W multiplied !•> :t*n» b» Wing in 
volts (mm Art. liKtt*. 

From this w«* gather that, if tin* f«-i *«* F the 

wum> throughout tin* t*\j«*rim« tit^, th* <h/h». »**» »./ jh./oi 
dais lirtUYm iht * did* i eill tntitjdti foil}* >ito n>tl i~> th* din- 
tnnce hdwtrn them when tin* dob t» tu 1* \« l mptililaiiiln. 

And tho ipmntily ***ay W determined *»tn*t* fup 

all tw a " constant" of the inurnment. 

In the mure ehiWrnte f*»r*i»*» of tie* unit uim-ut, mult an 
the " absolute olootromtitor," nud do* M portable) 
olootromeior,** llm dmh ntnl |4a*«» tin* ruvered 

with a MulalliV ntge, and are placed sn min¬ 

imi mention with u condenser t*» keep them nf a known 
potential. This ohvitthw Irnung to make measurements 
with zero readings, fur the tiff nr nett *>/ will 

now bo pru|ftirti»mil to different** of HtimwWrc muting*, 

«*, V, v, ..n, iy v / '*/ 

Tho condenser in provided in thc««* instrument* with 
a (jnuyr, iUtdf tut attracted di*4, b* indicate \tlmu it in 
charged to tint right potential, nnd midi n tepUnisher to 
incrotwo or decrease tho charge, tho replminher Wing it 
little influence machine (mm Art. f»0). 

288. Tha Quadrant moatromnter. 'flu*, Quad 
rant Electrometer of Wird Kelvin l* <m example of n 
different chum of tdorirtmi«tcr», in which u«« n made of 
an auxiliary charge of electricity previously imparted to 
tho needle of the instrument. The needle, which run- 
nifits of a thin Hut piece <tf aluminium hung hurUoit bitty 
by ft fibre of thin wire, thus charged, «»y jnwifivtdy, will 
bo attracted by a ■ ■ charge, hut rejwltod hy n t charge. 
Such attraction or repulsion wilt W stronger in pr»»|«*rtt«*n 
to those charge*, ami in proportion U» the charge on tho 
needle. Fourcpuulmubpitnw {Fig. tot) «f Umm nnt fixed 



I’ll \ 1*. tv 


(,11'A DU A NT Kl.WTkoMKTIM 


horizontally below the needle without touching it or one 
rumiher. bpponile quadranto arc joined with line wired. 
If <|tnulnuit» l mitl it an* ever w> little -P a* compared 
wilh quadrant^ i! and d, (he neetlle. will turn away from 
the IWmer to a jemitum more nearly over the latter. 

If there ia the alighted. tUll'creitre <if potential between 
the ptitra of quadrant*, the neetlle, which in hehl in ita 


zero ptwitioli hy the eluaticity of the 

wire, will turn, and on iu*licate the 

ilillerettee of potential. When them* !*V^S\ 

tlelleKioiiH are email, the wale rending* / /djj||jk,i) 

will ho very nenrh proportional to tlm wT 1 '“j" vmtTrnm J 

tlifferenee of potential, The instm* jIIP^ 

metil m cutlleientlv delicate to allow a 

difference of potential between the 1£lli 

•lUftdmnU n* Hiuall an the j 1 ,, ol that 

of the Darnell’* cell. If V, he the potential of one pur er 

quadrant*, V. 4 that of the other pair, ami V,, the potential 

of the needle, the force tending to turn will he proportional 

to Vj . V and will aim* he proportional to the difference 

between y g and tlm average of Vj and V 3 . Or, In, 

aymhol*, 


/-n(V r V a ) (v. 


w here it in a eon»lanl. depending on the count ruction of the 
pnrtindur indittmetd. 

Fig. If*a kIiowh a very wimple form of the Quadrant 
Klcctn,meter, a* arranged for qualitative experiment*. 
The four <pmdraut* are enelomnl within a ghuw ca«e, and 
the needle, which carrie* a light mirror M below it, i» 
•mxptmdtMl from a torsion head t- hy a very thin metallic 
wire R D in electrilh'd to a certain potential by being 
connected, through a wire attached to 0, with ft charged 
Leyden jar or other condenser. In order in cheer vo the 
minutest motion* of the need Its, ft reading-telescope and 
scale are no placed that the observer looking through the 
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telm'ope wen an intuit* of tin- /on* *4 tin* I** rrlhvlnl 
in thu little irnwr, The sutM * .•mu-cimg ijuadrunt* i 
and 3, 55 and 4, art* wen above the t*«j* *4 tin* *ow. 

Fur very exact meUHurenn-iibi many addsimnul rtdim*- 
manta are introduced mt«» the nodi morns, Tu<> set# of 
tpiadranta are employed, an uj*|*er and a l«»wrr, having 
the needle between them. Tin* mrnnm w ire in replaced 
by u delicate bitikr *u*prinn<n - Art, lilth. 


Til keep np the charge i«t th> !,* \d«n jar a 
“ replcnisher ’* is* added ; and an ” ultra* teil 
dink,” like that «»f the Abu»lut** Kleetro 
meter, is employed m older t** act ua a 
gauge to indicate when the jur tn charged 
to the light |mt«*»Elisl, III thew f>*tll|fi the 
j.ir etun»i»t#( of u ghiwi placed Mow 

! the ipmdmnlf, coated externally with wtrijm 
of tinfoil, and containing »4r«»ng mslphuric, 
arid, whirls nerves the double function of 



Mg, m. 

keeping the apparatus dry hy nlnsorbmg the i*miatur« 
and of neting an an internal routing for tin* jar. U w 
also mure umud to throw n spot of light from a lamp 
upon a scale hy menus of the little mirror {«« dewrrtMl ttt 
the ease of the Mirror Ualvatsomnter, in Art, sflfd, llnut 
to adopt the subjective method with tin* tehwofw, which 
only one person at a time can use. When the instrument, 
is provided with roplenither and gauge, the measurement* 
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m l»f made iu (ornm of almoin l.u unils, provided the 
i-nUMlnut " of the jiartit’uliu* instrument (depending on 
if fUM]tt>UHiiiu of the needle, nizo and position of 
i-cdlo mid i[uaitmuLH, potential of tho gauges, etc.) is 
ucu amvrUiiued. 

ano. ITno of Quadrant IMoatromotnr. —- A u oxamplti will 
lwitrntu this mode uf lining tins Imd-rumi'iit. It in known that 
lira tins two i'IhIh of a thin wins urn kept at two iliflurmifc ] to ton- 
uln a eim-ent iIuwh through this wire, mid Unit if tho jmUutliiil in 
iciemml id differi'til pninlri idling tins wire, it in found to fall uif 
i u | ter fee I ly uniform nmnnor from tins end that 1 h at a high 
nleitlinl down to that at the low potential. At a point olio 
unrter along tins potential will have fallen nil’ emo quarter of this 
hole dllTereuee, Thin couhl he proved by joining tins two ends 
f the wire through whiels die current was ilowlng to the terminals 
f Use Quadrant KU'ctrsims-ter, when one pair of quadrants would 
is at tins high petential mid Hus other at the low potential. Tho 
iH'dle would turn amt Indicate a certain disllnxion. Now, discern- 
tet one of the pairs of quadrants from tho low potential end of tho 
Ire, mid plant them In ronununleathm with a point one quarter 
long the wire from tins high potential end. The needle will at 
nee tndleuUs that the diflomwe of potential i« hut one quarter 
f what it WM before, 

often the Quadrant Kleotromotor is employed simply as a very 
citrate electro wops in systems of rnotisuromout In which a dtf- 
'renee of electrics potential is measured by being balanced against 
it equal and opposite difference of potential, exact balancebeing 
idicnttul by there being no deflexion of the IClootromotor needle, 
iich titoUiodsi of experimenting are known ns JVkK Mdhods t or 

Wit ,\fr(h,Hh. 

200. FUootroBtatio Voltmotor. - We have won 
but m tins i|imdmnt oloolnunufor it in neocHWiry to gives 
hr needle a high initial charge, tho mason lining that if 
here did not ex ini between the. quadrants and the. ucodlo 
much greater dilftsnmcn of potential than tho small volt- 
go wo are measuring, tho fotvo tending to turn tho 
medio would 1m too Hiimll to 1m conveniently ob- 
erveil. Where, however, wo are dealing with high 
inbreneei of potential a separately-charged needle is not 
equiibto j we may simply join one conductor to tho noodle 
,ml the other to a set of quadrants, and the force of 
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:iun, which, things being equal, increases iw 

uure of I In* difference of potential, in HuUleioully 
grout to give reliable readings Tint 
in known w tin* uHoahttic method of 
using the instrument. 

A front, view of tHo instrument us 
commonly used to measure differences 
of potential etf loot) volte or more, is 
shown in Fig, lf>3. The needle N*N 
is u pmltlhi-HlmjK-tl plate of aluminium 
supported by knife edges at, Um centre ; 
its position is controlled by gravity, 
little weights being hung on a projec 
tion at its lower end. The quadrants 
Q are both lxdiiml and in front of it, 
And ho placed that when a ditto reins- 
initial cncute between the needle and them t In¬ 
is deflected from it« normal jio«ition ami nmvou 
nU-r over a grailuaUsd scale, 

will bo whmi that it does not matter whether the 
in positively charged ami the 
UltH negatively charged or nee 
an attract ion between the two 
Iwaya tnko place, ho a deflexion 
c given oven when the difforeneo 
nlial is rapidly alternating. Thi« 
ty of tho instrument make* it 
iugly useful for the measurement 
tago when alternating current* 

other advantage of thin inHtru- 
>ver the high-resistance galvano- 
that are used as voltmetew in, 
does not take any current, and con- 
tly it does not waste any power, 
order to make the electrontatic voltmeter aufllrUmtly 
•a to measure down to 100 volte or no. a number of 
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Leedles are placed horizontally one above the other on a 
r ertical aluminium wire, and attracted by a tier of 
[uadrants symmetrically placed on each side ; this instru- 
aent is Lord Kelvin’s multicellular voltmeter. It is shown 
n elevation and plan in Fig. 154, 

291. Dry-Pile Electrometer.—The principle of 
ymmetry observed in the Quadrant Electrometer was 
ireviously employed in the Electroscope of Bohnenberger 
—a much less accurate instrument—in which the charge 
o be examined was imparted to a single gold leaf, placed 
ymmetrically between the poles of a dry-pile (Art. 193), 
oward one or other pole of which the leaf was attracted, 
f'echner modified the instrument by connecting the + 
>ole of the dry-pile with a gold leaf hanging between 
wo metal disks, from the more + of which it was re¬ 
jelled. The inconstancy of dry-piles as sources of 
lectrification led Hankel to substitute a battery of a 
r ery large number of small Daniell’s cells. 

292. Capillary Electrometers.—The Capillary 
Electrometer of Lippmann, as modified by Dewar, was 
[escribed in Art. 253. 


Lesson XXIII .—Dielectric Capacity, etc. 

293. A Leyden jar or other condenser may be 
•egarded as a conductor, in which (owing to the parti- 
;ular device of bringing near together the two oppositely- 
iliarged surfaces) the conducting surface can be made 
,o hold a very large charge without its potential (whether 
+• or — ) rising very high. The capacity of a condenser, 
ike that of a simple conductor, will be measured (see 
Irt. 271) by the quantity of electricity required to pro- 
luce unit rise of potential. 

294. Theory of Spherical Condenser.—Sup¬ 
pose a Leyden jar made of two concentric metal spheres, 
me inside the other, the space between them being filled 
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by air. Tin* inner mte, A, will ir}»jv>rj*t flic iut«ri*>r 

n««fttr,: «>1 tiufml, niul tin- miter 

t ) njiltcrc, 11 • ififi*, will 

j tcjiicKciil the c\t«Ti>>t- • ■•.iliii!', 

j Let the r.vlit »>t the «|ili»'rru 

• > j < !«• r nlt«l r* injir. ti\ rh. Huj» 

//' . |hiic a ch*u>v "t q unit* tn L> 

// N\ \ nn}>ni tcil t*t A ; it will iudui-e 

I if r \\ \ ou tin- inner tiitlc t-f H »u etpwl 

U (( ***■ f ,l) | rN* negative i luuKc q, mnl t<< the 

\\ \\ / jl nittcr *>i<lc i >f B a * hart,;** f q 

\V ' ' y Mill l«c rcjK'llnl. Tin* hatet 

\X^ " y' i'i rc«IK>Vi*<l h_V ei'titrt'i With 

'* earth,’' met iiee.l he uu further 
5 * |l ‘ 1 ’ rntt»sitlcrei!. The jmtelltiiil * at 

the centre M, enleulalctl by tin* rule Ktvni tit Art, ittift, 
will 

r Q Q 


At a jmirit N, ntit«iih< the miter sphere ntnl unite near t<> 
it, lire* potential wilt he the wune if thene i\\ h «Inimei^ 
+ Q ami q, were Imth t»itneiitratcl «t M. llni.e 


So then the ilifiamire of potential* wilt 1«* 

V M ~ V* «^ - y - q { f ,J n ) l 

Q rr' 

‘WuGTico y m . y % ** / f ■ 

Bill, bv A el ‘>70 (lie cimneitv tf ^ 


But by Art. 270 the rapacity K ^ 


* The Bltiilwit must rtiniPtiilmr tlmt »« Uinr* i<t n» fw*» wttMn 

a cltmetl conductor, Un* potential m il,«> mi<I.Iio i» tmi tl«- »* m *t*v 
other point laalda. 
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We see from tliis formula tliat the capacity of the 
condenser is proportional to the size of the metal globes, 

and that if the insulating layer is very thin,_that is, if 

r he very nearly as great as r\ r'-r will become very 
small, and the value of the expression w ill become 

very great ; which proves the statement that the capacity 
of a condenser depends upon the thinness of the layer 
of dielectric. If r' is very great compared with r, the 
expression for the capacity becomes equal simply to r, 
that of the inner sphere when isolated. 

295. Specific Inductive Capacity.—Cavendish 
was the first to discover that the capacity of a condenser 
depended not on its actual dimensions only, but upon the 
inductive power of the material used as the dielectric be¬ 
tween the two surfaces. If two condensers (of any of the 
forms to be described) are made of exactly the same size, 
and in one of them the dielectric be a layer of air, and 
in the other a layer of some other insulating substance, 
it is found that equal quantities of electricity imparted 
to them do not produce equal differences of potentials ; 
or, in other words, it is found that they have not the 
same capacity. If the dielectric be mica, for example, it 
is found that the capacity is about six times as great; for 
mica possesses a high inductive power and allows the 
transmission across it of electrostatic influence six times 
as well as air does. The name specific inductive 
capacity,* or dielectric capacity, is given to the ratio 
between the capacities of two condensers equal in size, one 
of them being an air condenser, the other filled with the 
specified dielectric. The specific inductive capacity of 
dry air at the temperature 0° 0., and pressure 76 
centimetres, is taken as the standard, and, in the absence 
of any known way of finding its absolute value, is reckoned 

* The name is not a very happy one ,—inductivity would have been 
better, and is the analogous term, for dielectrics, to the term “conduc¬ 
tivity ’’ used for conductors. The term dielectric coefficient is also used by 
some modern writers. 
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as unity, The symbol k is used to denote the dielectric 
capacity of any material. 

Ouvondish, about the year 1775, measured the dielectric 
capacity of glass, boes-wnx, and other substances, by form¬ 
ing them into condensers between two circular metal 
plates, the capacity of these condensers being compared 
with tlml of an air condenser (resembling Pig. 42) and 
with other condensers which he 
called “ trial-plates.” He even 
went ho far as to compare the 
capacities of these “trial-plates’ 1 
with that of an isolated sphere 
of 12jj inches diameter lning up 
in a room. 

298. Faraday’s Experi¬ 
ments. — In 1837 Faraday, 
who did not know of the then 
unpublished researches of 
Cavendish, independently dis¬ 
covered specific inductive cap¬ 
acity, and measured its value 
for several substances, using for 
this purpose two condensers of 
the form shown in Fig. 156. 
Kach consisted of a brass ball A, 
enclosed inside a hollow sphere 
of brass B, and insulated by a 
long plug of shellac, up which 
passed a wire terminating in a 
knob a. The outer sphere con¬ 
sisted of two parts which could 
he separated from each other in order to fdl the hollow 
space with any desired material: the experimental process 
then was to' compare their capacities when one was 
tilled with the substance to be examined, tlio other 
containing only dry air. One of the condensers was 
charged with electricity. Tt was thou made, to share its 




iai'ge with the oilior coudcnwr, by putting the two inner 
latings into metallic. communication with mm another ; 
ie outer coatings also being in communication will] one 
lother. If their capacities word equal they would shave 
e charge equally, and the potential after ei intact would 
> just half what it wan in tho charged condenser before 
intact. If the capacity of one wuh greater than the 
her the Jlnal potential would nut ho exactly 1ml 1! the 
iginal potential, because they would not share the charge 
ually, lmt in proportion to their capacities. 'Clio 
iteatials of the charges were measured he lore ami after 
ntact hy means of a tendon balance. * Faraday's mmlln 
owed tho following values ; (Sulphur, 2'‘20 ; shellac, 2-0; 
ws, 1-76 or more,. 

297. Recent Rosoarohos, ~~ Since 1870 large 
ditions to our knowledge of thin subject have been 
ale. Gibson and Barclay measured the inductivity of 
raffm wax by comparing the capacity of an air condenser 
th one of paraitin hy means of an arrangement of slid-- 
y condensers, using a sensitive quadrant electromotor to 
just the capacity of the condensers exactly to (“quality, 
ipkinson has examined tho dielectric power of glass of 
rious kinds, using a constant battery to produce tho 
piired difference of potentials, and a condenser provided 
th a gimnl-ring for a purpose similar to that of the 
ard-ring in absolute electromotors, Gordon made a 
ge number of observations, using a delicate apparatus 
own as a statical “ inductivity balance,” which is a com- 
cated condenser, so arranged in connexion with a 

Tlie value of 1.110 (Modulo capacity 1< could tlum lie calculated as 
VK« V'K-|- V'Kfc 

oro-K is the caiiac.lty of Mm find apparatus and V Hr 'potential, end V' 
potential adev communication with Urn Hnnoiul ninmrutnn, whoso 
icity is K k ); lieuco 
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quadrant electrometer that "when the capacities of the 
separate parts are adjusted to equality there shall be no 
deflexion in the electrometer, whatever be the amount or 
sign of the electrification at the moment. This arrange¬ 
ment, when employed in conjunction with an induction 
coil (Fig. 135) and a rapid commutator, admits of the in¬ 
ductive capacity being measured when the duratiou of 
the actual charge is ouly very small, the electrification 
being reversed 12,000 times per second. Such an instru¬ 
ment, therefore, overcomes one great difficulty besetting 
these measurements, namely, that owing to the apparent 
absorption of part of the "charge by the dielectric (as 
mentioned in Art. 61), the capacity of the substance, 
when measured slowly, is different from its “instantane¬ 
ous capacity.” This electric absorption is discussed 
further in Art. 299. For this reason the values assigned 
by different observers for the dielectric capacity of various 
substances differ to a most perplexing degree, especially 
in the case of the less perfect insulators. The following 
table summarizes Gordon’s observations :— 

Air.i -00 

Glass.3-013 to 3*258 

Ebonite.2*284 

Guttapercha .... 2*462 

Indiarubber . . , 2*220 to 2*497 

Paraffin (solid) . . . 1-9936 

Shellac.2‘74 

Sulphur.2-58 

Hopkinson, whose method was a “slow” one, found 
for glass much higher inductive capacities, ranging from 
6*5 to 10*1, the denser kinds having higher capacities. 
Mica has values ranging from 5-5 to 8. Cavendish 
observed that the apparent capacity of glass became much 
greater at those temperatures at which it begins to con¬ 
duct electricity. Boltzmann has announced that in the 
case of two crystalline substances, Iceland spar and sul¬ 
phur, the inductive capacity is different in different 
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molecular movement accompanies the changes of dielectric 
atl’CHH. 

300. Bleotrio Expansion,—'Fontana noticed that 
the internal volume of a Leyden jar increased when it 
wna charged. Priestley and Volta sought to explain this 
l>y suggesting that the. attraction between the two charged 
surfaces compressed the. glass and caused it to expand 
laterally. Dutev showed that the amount of apparent 
expansion was inversely proportional to the thickness of 
the glass, and varied as the square of the potential differ¬ 
ence. L>uineko has recently shown that though glass and 
some other insulators exhibit electrical expansion, an 
apparent contraction is shown by resins and oily bodies 
under electrostatic, stress, lie connects with these pro¬ 
perties the production of optical strain and of double 
refraction discovered by Kerr. (See Lesson on Elcctro- 
optios, Art. 52/1). 

301. Submarine Cables as Condensers.—A 
submarine} telegraph cable may act as a condenser, the 
ocean forming the outer coating, the internal wire the 
inner coating, while the insulating layers of guttapercha 
serve as dielectric. When one end of a submerged cable 
is connected to, say, the -|- pole of a powerful, battery, 
electricity Hows into it. Before any signal can he 
received at the other end, enough electricity must How 
in to charge ilto cable to ft considerable potential, an 
operation which may in the case of long cables require 
some aeccmtk Faraday predicted that this retardation 
would occur. It is, in actual fact, a serious obstacle to 
rapid signalling through Atlantic, and other cables. 
Professor Flcumiug Jenkin has given the following 
experimental demonstration of Iho matter. Let a mile 
of insulated cable wire he coiled up in a tub of water 
(Fig. 158), one end N being insulated. The other end 
in joined up through a long-coil galvanometer (1 to 
the + polo of a large battery, whoso - pole is joined by a 
wire to tha water in the tub. Directly this is done, thu 
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■edle of tlie galvanometer will sIlow a violent deflexion, 
ectricity rushing through it into the interior of the 
,ble, and a — charge being accumulated on the outside of 
where the water touches the guttapercha. Eor perhaps 
i hour the flow will go on, though diminishing, until the 
ible is fully charged. Now remove the battery, and 
istead join up a and b by a wire ; the charge in the 
ible will rush out through the galvanometer, which will 



show an opx>osite deflexion, and the residual charge will 
continue “ soaking out ” for a long time. 

Long land-lines carried overhead also possess a measur- 
ble capacity, and tend to retard the signals. 

302. Use of Condensers.—To obviate this retarda¬ 
tion and increase the speed of signalling in cables * several 
devices are adopted. Very delicate receiving instruments 
are used, requiring only a feeble current ; for with the 
feebler batteries the actual charge given to the cable is 
less. In some cases a key is employed which, after 
every signal, immediately sends into the cable a charge 
of opposite sign, to sweep out, as it were, the charge left 
behind. Often a condenser of several microfarads’ 
capacity is interposed in the circuit at each end of the 
cable to curb the signal, or make it shorter and sharper, 
and by its reaction assist the discharge. In duplex 
signalling (Art. 503) the resistance and electrostatic capa- 

* Tlio capacity of tbe “Direct” Atlantic cable from Ballim&elligs 
(Ireland) to Nova Scotia is 992 microfarads. 



Messrs. Muivhciul constructed for duplexing the Atlantic 
calilii a condenser containing 100,000 square feet (over 
two acres of surface) of tinfoil. Condensers arc also 
occasionally vised on telegraph lines in single working to 
obviate, disturbances from earth currents. They are con¬ 
structed by placing sheets of tinfoil between sheets of 
mica or of paratlined paper, alternate sheets of foil being 
connected together. The. paper in the, finest hank-wove, 
carefully selected to be free, from minute holes. Two 
thicknesses, drawn through a bath of the purest paraffin 
wax heated till it melts, arc laid between each foil and 
the next; care, being taken to exclude air bubbles. ‘When 
a suflicient number have been assembled liot they are put 
under pressure to cool, and afterwards adjusted. Small 
condensers of similar construction are used in connexion 
with induction coils (Fig. 135). 

303. Practical Unit of Oapaoity.— Electricians 
adopt a unit of c<q>untij, termed one farad, based on the 
system of electromagnetic units. A condenser of one 
farad capacity would bo raised to 
a potential of one volt by a charge 
of one coulomb of electricity.* In 
practice such a condenser would ho 
too enormous to be constructed; 
the earth itself, as an isolated 
sphere, has a capacity of only 
mo on a ^s a practical 

unit of capacity is therefore chosen 
the microfarad, or one millionth 
of a farad ; a capacity about equal to that of three miles 
_ of an Atlantic cable. Condensers of only ^ microfarad 
capacity are about equal to one nautical mile ol cable. 
They contain about 1200 square inches of foil. The 
* Hot) lUt of Practical KlocUomagnulic Units, Art. 864. 
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dielectric in tliem is usually mica, in thin sheets. Their 
general form is shown in Fig. 159. The two brass pieces 
upon the ebonite top are connected respectively with the 
two series of alternate sheets of tinfoil. The plug between 
them serves to keep the condenser discharged when not 
in nse. 

Methods of measuring the capacity of a condenser are 
given in Art. 418. 

304. Formula for Capacities of Conductors 
and Condensers.—The following formula; give the 
capacity of condensers of all ordinary forms, in electro¬ 
static units :— 

Sphere: (radius = r. See Art. 271). 

K = r. 

Two Concentric Spheres : (radii r and r, dielectric 
capacity, k). f 

K = A J2L . 

r — r 

Cylinder : (length = /, radius = r). 



Two Concentric Cylinders : (length = l , dielectric 
capacity = k, internal radius — r, external radius 

K = h— -• 

2 log Z 


Circular Disk : (radius = r, thickness negligible). 

K = 2 r/w. 

Two Circidar Disks : (like air condenser. Art. 56, 
radii = r, surface = S, thickness of dielectric = b, 
dielectric capacity = k). 

K = Ar 2 /46, 

or K = /cS/47r6. 

xj 
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The latter formula applies to any two parallel disks of 
aurf'an' S ( whether circular or otherwise, provided they 
aire In)’tjr' an cumpared with the distance b between them. 
To calculate down to microfarads the numbers given by 
any id’ the above must be divided by 000,000. 

305. Enorigy of Discharge of Leyden Jar or 
OomioUHor. It follows from the definition of potential, 
given in Art. 2(1 h, that in bringing up one + unit of 
electricity to the potential V, the work done is V ergs. 
This assumes, however, that the total potential V is not 
thereby raised, and on this assumption tins work* done in 
brim-jug up Q units would be Q,V ergs. If, however, the 
potential is nothing to begin with, ami is raised to Y by 
the charge C,>, tin* average potential during the operation 
i‘ only AY ; hence the total work done in bringing up the 
charge Q from zero potential to potential Y is AQV ergs. 
Now, according to the principle of the conservation of 
energy, Urn work done in charging a jar or condenser with 
electricity is equal to the work which could be done by 
that quantity of electricity when the jar is discharged. 
Hence AtjV represents also the energy of the discharge. 

Since (,i . VK, it follows that we may write |QY in 
tin* form A^. That is to say, if a condenser of capacity K 
is charged by having a charge Q imparted to it, the energy 
of the charge is proportional directly to the square of the 
quantity, and inversely to the capacity of the condenser. 

306. Symbol for Condenser.—Electricians use 
ns symbols for condensers in diagrams of electric circuits 
ammmmmm tllOHC giVCU in Eig, 160. 

JS5SSV J == 1 The origin of these 

/ V I J. S J X / > ...US a J \ symbols is the alternate 
' / layers of tinfoils. The 

v 'h>- m symbol on the right 

suggests six layers of foil, of which the first, third, and fifth 

* If q In given tit riiiiltiiiihit mid V in volts, tho work will bo oxiirossad not 
in t rg* Imt tu Joule* (Art. SIM). 




e joined together, and the second, fourth, and sixth are 
so joined together. 

307. Capacities joined in Parallel.—To join two 
ndensers together in parallel the positive foils of one 
e joined to the positive foils of the other, and their 
igative foils are also joined together. In Fig. 161 the 
io condensers K x and K., are joined in parallel. They 
ill thus act simply like one large condenser of capacity 
^ Kj + K.,. Any charge flowing in on the + side will 
vide "between the two in porportion to their capacities. 

If two equal Leyden jars axe charged to the same 
>tential, and then their inside and outside coatings are 
speetively joined, their 
died charge will he the 
me as that of a jar of 
L ual thickness, hut hav- 
g twice the amount of 
.rface. 

If a charged Leyden jar 
■placed similarly in com- 
unieation with an uncharged jar of equal capacity, the 
Large will he shared equally between the two jars, and 
ie passage of electricity from one to the other will he 
ddenced by the production of a spark when the respective 
latings are put into communication. Here, however, half 
ie energy of the charge is lost in the operation of sharing 
lb charge, for each jar will have only |Q for its charge 
id IjV for its potential; hence the energy of the charge 
' each, being half the product of charge and potential, will 
lly he one quarter of the original energy. The spark 
lick passes in the operation of dividing the charge is, 
ideed, evidence of the loss of energy ; it is about half as 
nwerful as the spark would have keen if the first jar had 
sen simply discharged, and it is just twice as powerful as 
ie small sparks yielded finally by the discharge of each 
,r after the charge has been shared between them. 

The energy of a charge of the jar manifests itself, as 
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Malv.l almVf, hy tin- }innliu'Lioii uf n k] mrlv nl, discharge ■ 

1 in* lifjltl, Htttl hunt pruducod Wing the equivalent 

..(• ll»<- «• u»‘ij,:y i-luri'tt up. If discharge. is olfo-ekd slowly 
ihixu, h u lung thin wive of high vosislnniic tlui air apart 
im»y U- tVfhh', 1ml I lit* wire may he, perwplihly heated, 
A wi t '»tnnp hoing u ftvldr conductor alfords a slow and 
iihuo >t hih ut diwhavgo ; hurt' probably the electrolytic 
c. t »>hn li<*u <«f tin* muiatuiv is uecompiubod hy an action 
s<*H<i*ml*hu},t that of secondary \>alliunoB (Lesson 41)2) tend¬ 
ing to ju-oiliiiK the duration of the discharge. 

UOH. OapaoitioH joinocl in Series, - Tf two rnn- 
• uiv joined in series they will net ns a condenser 
1 ; .,\ in • a i>- M-r rnpurity than either of Ilium separately, 
77i,,, j.tai tut int<-till in -ii rir.i trill hr thr. r trip rural nj (he 
sunt <) tht itripriH itla of th<ii■ nijitiritirs rqxiratdtj. 


PrtK*f. U't two i (tnd*'iiNi'i'-. K ( ami K a ho not in scries (Fig, 
Mwmi two jKtiulrt nerm.* which them is a dillorcnee of 
potential V. This ililTurouce of 
potential will lio divided between 
tlm two inversely in proportion to 
their capacities, seeing that the 
quantities of electricity that are 
displaced into and out of their 
respective coatings are. necessarily 
equal, Or, if tj lie this quantity, 
joint capacity of the two together, to fmd 
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Example ,—If two condensers, respectively 3 ami 2 microfarads, are 
joined in series, they will act as a single condenser of capacity 
=1/G+3)=1J microfarads. 

309. Charge of Jars arranged in Cascade.— 
mkliii suggested that a series of jars might be arranged, 
outer coating of one being connected with the inner 
s of the next, the outer coating of the last being con¬ 
ned to earth. The object of this arrangement was that 
. second jar might he charged with the electricity 
■elled from the outer coating of the first, the third from 
.t of the second, and so on. This “ cascade ” arrange- 
nt, however, is of no advantage, the sum of the 
Lrges accumulated in the series being only equal to that 
one single jar if used alone. For if the inner coating 
the first jar be raised to V, that of the outer coating 
he last jar remaining at zero in contact with earth, the 
ference of potential between the outer and inner coating 
any one jar will he only - Y, where n is number of 
s. And as the charge in each jar is equal to its 
nacity K, multiplied by its potential, the charge in 
ih will only he - KV, and in the whole n jars the total 
mge will be n i KY, or KY, or equals the charge of one 
1 of capacity KL raised to the same potential Y. 


Lesson XXIY .—Phenomena of Discharge 

310. Conductive Discharge.—An electrified con- 
ctor may be discharged in at least three different ways, 
pending on the medium through which the discharge 
effected, and varying with the circumstances of the 
jeharge. If the discharge takes place by the passage 
a continuous current , as when electricity flows through 
thin wire connecting the knobs of an influence machine, 
joining the positive pole of a battery to the negative 


294 


ELECTRICITY AND MAGNETISM 


PART II 


pole, the operation, is termed a “conductive” dis¬ 
charge. Under some circumstances a conductive discharge 
takes the nature of an oscillation to and fro (Art. 515). 

311. Disruptive Discharge.—It has been shown 
how influence across a non-conducting medium is always 
accompanied ky a mechanical stress upon the medium; 
the tension along the electric lines of force increasing as 
the square of the intensity of the electric field. If this 
stress is very great the non-conducting medium will 
suddenly give way and a spark will burst across it. 
Such a discharge is called a “ disruptive ” discharge. 

A very simple experiment will set the matter in a 
clear light. Suppose a metal ball charged with + electri¬ 
fication to be hung by a silk string above a metal plate 
lying on the ground. If wo lower down the suspended 
ball a spark will pass between it and the plate when they 
come very near together, and the ball will then be found 
to have lost all its previous charge. It was charged with 
a certain quantity of electricity; and as it had, when 
suspended out of the range of other conductors, a certain 
capacity (numerically equal to its radius in centimetres), 
the electricity on it would be at a certain potential 
(namely = Q/K), and the charge would be distributed 
uniformly all over it. The plate lying on the earth 
would be all the while at zero potential. But when the 
suspended ball was lowered down towards the plate the 
previous state of things was altered. In the presence of 
the + charge of tlie ball the potential* of the plate 
would rise, were it not that, by influence, just enough 
negative electrification appears on it to keep its potential 
still the same as that of the earth. The tension in the 
electric field will draw the + charge of the hall down¬ 
wards, and alter the distribution of the charge, the surface- 
density becoming greater at tbe under surface of the hall 

* The student must remember that, by the definition of potential in 
Art. 263, the potential at a point is tlio sum of all tlio separate quantities 
of electricity near it, divided each by its distance from the point. 
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id less on the upper. The capacity of the ball will I- e 
LCreased, and therefore its potential will fall e^rre- 
)ondingly. The layer of air between the ball and the 
Late is acting like the glass of a Leyden jar. The mure 
ie ball is lowered down the greater is the accumulation 
l tbe opposite kinds of charge on each side of the layer 
f air, and the tension across the layer becomes greater 
nd greater, until tbe limit of the dielectric strength is 
eacbed ; tbe air suddenly gives way and the spark tears 
path across. 

312. Convective Discharge.—A third kind of 
.iscbarge, differing from either of those above mentioned, 
nay take place, and occurs chiefly when electricity of a 
ligh potential discharges itself at a pointed conductor by 
iccumulating there with so great a density as to el& trify 
-he neighbouring particles of air ; these particles then, 
lying off by repulsion, conveying away part of the charge 
with them. Such convective discharges may occur either in 
gases or in liquids, hut are best manifested in air and 
other gases at a low pressure, in tubes exhausted by an 
air pump. 

The discharge of a quantity of electricity in any of the 
above ways is always accompanied by a transformation of 
its energy into energy of some other kind,—sound, light, 
heat, chemical actions, and other phenomena being pro¬ 
duced. These effects must be treated in detail 

313. Length of Spark.—Generally speaking, the 
length of spark between two conductors increases wills, 
the difference between their potentials. It is also found, 
to increase when the pressure of the air is diminished- 
Kiess found the distance to increase in a proportion a 
little exceeding that of the difference of potentials. Lord 
Kelvin confirmed this by measuring by means of an 
£C absolute electrometer 35 (Art. 287) tbe difference ol 
potential necessary to produce a spark discharge between 
two parallel plates at different distances. D-e la Rm« 
and Mi'iller found with their great battery (Art. 1BCI 
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ilt.il with ;i ditlerenee uf potential of 1000 volts the atrik- 
mg 'll Tmce ».r tin* spark was (inly *01‘27 centimetres (or 
.d"*nl uf an inch), and with a diUereuco of 10,000 
\.*ls mtiv 1 •hop. Their L 1,000 Hilver cells gave a spark 
>4 t .v,i t i jitiin. (nlniul K uf an inch) long. To produce a 
) p.uk *•?!>■ milt* lung, through air at the ordinary pressure, 
shrivSnyi* reipiiiv a iliil’erouee of potential exceeding 
Sh.il i uiH.hr.l l.\ i,000,000,000 1 )aniell’s cells! 

'Ho* length ot the spark tliU’eVH in dilVerent gascR, being 
n* u h twin* as long in hydrogen as in air at the .same 
•it »• its. t »r to pr> dure in hydrogen a spark as long as 
• •ne m air leijitiivK less voltage. On tho other hand, 
i .it t< ‘Mu aeid ;m.*i, whilst it is stronger than air for short 
■ fink , i** weaker for long ones. 

lie- puti-utinl needful to produce, a spark of given 
1, u.'th in a given gas in independent of tlui kind of metal 
u„. d i'h*i‘troiles, hut depends u]>ou their shapo. If 
p.nnsi't lire used instead uf halls it is found that, at equal 
v.-Stage, jieiutH an* lu-st for long sparks, hut arc worst for 

i ll* <t t ep lt ks. 

A* > .-iding to 1'race's observations a minimum poten- 
fj.i! i.f tot wren 000 mid *100 volts is necessary to start a 
f .|. nk, hew ever short, in air. Km* sparks not under two 
toi]hiiii-U< ( in length the volts necessary to start a spark 
, „ },-i, K ih of l centimetres may he approximately 
t vpi< rd hy the eipmtion 

V ■ • 1 f»00 00,000 

The f.dh.wing ttilth*, calculated from the results of 
It. idweiller, gives the volts necessary to produce a spark 
in m -it t.V t'. and 715 centhnetres pressure he.twcen two 
lOiliei* '* ..t xurinus sizes, Tho figures must 1m increased 
i per .rut for a fall of h degrees of temperature, or fora 
lu »e of « millimetres of pressure. 
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Radius of Balls. 

DM,anno Lofcwoen Balls (Cnnl.ims.) 

0-1 

0V) 

1-0 | 

i-n 

Outims. 

‘2-fi 

Volts. 

'15 00 

Volts. 

18900 

Volts. 

33840 

Volts. 

47010 

1-0 

'1.SII0 

iHoyo 

32120 

41160 

O’fl 

'1950 

17790 

27810 

32400 

O’SJfi 

<1080 

16200 

20790 

22980 


In rarefied air 1.1)0 ,spark is longer. Snow Harris 
;ated tliat the length of spark was inversely propor- 
onal to the pressure, but this law is not quite correct, 
eing approximately true only for pressures between 
nit of 11 inches of mercury and that of 30 inches 
me atmosphere). At lower pressures, as Gordon found, 
greater difference of potential must be used to produce a 
>ark than that which would accord with Harris’s law. 
rom this it would appear that thin layers of air oppose 
proportionally greater resistance to the piercing power 
: the spark than thick layers, and possess greater 
[electric strength, 

Faraday, using two spheres of different sizes, found 
e spark-length greater when the smaller sphere was 
isitive than when it was negative. 

With rapidly - alternating differences of potential, 
aaller virtual voltages suffice for the same spark-length, 
r the length depends on the maximum, not on the mean 
due. Using a hall of 1 cm. diameter and a disk, 
lexandcr Siemens found 3200 virtual volts to he needed 
0-1 cm. distance, and 11,000 at 0’5 cm. distairce apart. 
The dielectric strength of a gas appears to be weaker 
lien field is varying than when it is steady. When the 
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'“huge ir, nearly high enough to produce a spark, revers¬ 
ing ihe poles will .Mimeiimes KlarL a spark. Moreover, 
when once a spark has passed it in easier fur a second one 
In lAllnw uu the -same track. Probably the first spark 
prude. !■ > chemical dissociations in its path which do not 
ui4.mtly |M'l't away. 

lief!/ made the singular observation that ultra-violet 
light fit*! inif waves) falliuj' upon the kathode surface 
a i>i 't il fit discharge (sen Art. 531). 

A perfect vacuum is a perfect insulator—no spark will 
ri-.it. < il, It is possible to exhaust a tuhe so perfectly that 
tiMtii- uf <iur electric machines or appliances call send a 
i-juik through the vacuous space even over so short a dis¬ 
tance a t one cent imetre. 

Un the other hand, a great inemiHO of ]>ressure also 
increase-. the dielectric strength of air, and causes it to 
resist the pm-mgc of a spark. tkullcfet compressed dry 
air at 4<i 5<> atmospheres’ pressure, and found that 

even tin* spark of a powerful induction coil failed to cross 
a apace of ‘Oft centimetres’ width. 

314. FlnmoH and Hot Air.---The arc produced by 
the pax'iay.e of an electric, current between two carbon 
polri h 1 1 eitted of in Art. 448. It is a species of fame 
which conducts the current from the tip of one carbon 
i-.iil to the oilier, while volatilizing the. carbon, and requires 
only Home thirty to iifty volts fur its maintenance. The 
ill termite current arc generated in air by high-frequency 
discharge# at a potential of 10,000 to 50,000 volts is a 
different phenomenon, and is apparently an endothermic 
{hum* of nitrogen and oxygen burned together. 

Sparks are longer and st.raighter through hot air 
than through cold. If air or other permanent gas is, 
however, healed in a dosed vessel so that its density 
remains lumbered, lhe. voltage needful to produce dis¬ 
charge remains the same. ; unless, indeed, the gas be 
limited to point of dissociation when discharge occurs at 
loW Voltage. 
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ies and currents of very hot air, such as those 
om a red-liot piece of iron, arc extremely good 
irs of electricity, and act even "better than 
points in discharging a charged conductor, 
showed that an electrified body placed near a 
it its charge ; and the very readiest way to rid 
ice of a charged body of low conducting power of 
imparted to it by friction or otherwise, is to pass 
gh the flame of xi spirit-lamp. Faraday found 
electrification to bo thus more easily discharged 
sitivc. Flumes powerfully negatively electrified 
ellcd from conductors, though not so when 
y electrified. Sir W. Grove showed that a current 
l d in a platinum wire, one end of which touches 
and the other the base, of a flame. 

.rie showed that a red-hot iron ball cannot be 
.y, but may ho negatively charged. When white- 
ill retain neither kind of charge. 

Mechanical Eflfeots. — Chief amongst the 
cal effects of the disruptive spark discharge is 
ering and piercing of glass and other insulators, 
lectric strength of glass, though much greater than 
air, is not infinitely great. A slab of glass 3 
hick has been pierced by the discharge of a 
L induction coil. The so-called “toughened” 
j a greater dielectric strength than ordinary glass, 
ore difficult to pierce. A sheet of glass may be 
pierced by a spark from a large Leyden jar or 
of jars, by taking the following precautions :— 
ss to bo pierced is laid upon a block of glass or 
rough which a wire is led by a suitable hole, one 
lie wire being connected with the outer coating of 
the other being cut off flush with the surface, 
.e upper surface of the sheet of glass that is to he 
mother wire is fixed upright, its end being exactly 
the lower wire, the other extremity of this wire 
med with a metal knob to receive the spark from 
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fits- kimh i.f tin* jar or discharger. To ensure goodinaula- 
Ijuji it few <hujw of jlavallm oil, or of olives oil, are placed 
ujhiji tin* nmml Ihis points whore the wires touch it. - 
A pH ' i* iifilrv w»»<»l similarly treated is split by a power- 
fnt -p.uk. A layer of oil resists lasing pierced as muck 
nt a 1 1\<1 of air live or six times us thick would do. 

If a park is led through a lightly-corked glass tube 
»•■ut.titling water, the lidie will lie shattered into small 
p.<ml’-d fragments by the sudden expansion of the liquid. 

hullm iihievved two eiu’ioiis elleets when a piece of 
*.irdl'<'urd is perforated hy a spark between two metal 
}»>mf >. /A).'>/)/, there is a slight, Imrr rained on each side, 

,t t it the h**le had lieen piereed from the. middle outwards, 
a,, (h.undi tin* siresi in (he air hud pulled at the card. 
>, -umiin % if the two points are. not exactly opposite one 
«»>*<lher the huh* is found to ho nearer the netjalm point. 
Hut if the experiment is tried under the air pump in a 
vm itmii, there is no such displacement of thu hole; it is 
then midway exuetly. 

The iiieidmnieal lie! ion of the. brush discharge at 
jMiiutrt is mentioned in Art. *ITj and the mechauical 
efleet n of a current of electricity were described in 


l«e**oll XVI. 

310. Chemical Bffaots.—Tlm e.hemieal actions pro- 
duia-d hy currents of electricity have been described in 
X1V. anil XIX. Similar actions can be produced 
l.v llt<* electric spark, and hy the silent glow discharge 
Art, 3if)}. Faraday showed, indeed, that electricity 
from nil kinds of dith-ronl sources produced the same 
hinds of chemical actions, and he relied upon this as one 
proof of the essential identity of the electricity produced 
hi dillereiit ways. If sparks from nil electric machine are 
received mum \ piece of white hh.tting-paper moistened 
with a solution of iodide of potassium, brown patches arc 
noticed where the spark has. eHeeled a chemical decom- 
ltottitioii and liberated the iodine. . . 

Wlu-n u stream of sparks is passed through moist air 
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in a vessel, the air is found I«» have unpumd I hr pi”p'i iy 
of changing to a ml colour a piece of paper •"faim-d him- 
•until litmus. This, Cavendish showed, was dim t<< Ilo- 
presence of nitric acid, product'll by Cm cln-mical tinu'it 
of the nitrogen ami oxygen of Cm air. Tim <-lfer|, Y br?>! 
shown with the. stream of sparks yielded by u small in 
duction coil (Fig. Kin), in a vessel in which tlie air lm- 
been compressed he.yoml Cm usual afino.^pherie presMirr. 

Whenever an e.lectrie. nmehine in giving <Mil limit 
voltage discharges a peculiar odour is penvhi-d. Tin • 
was formerly thought to lie, evidence of Cm r\i. n n< <■ <4 
an electric a ellluvimn” or fluid ; it is now known to In¬ 
due to the presence of ozone, u modified form of uwgi n 
gas, which differs from oxygen in being demer, nioii- 
active chemically, and in having a Hinraeferi,-.!ir nm-ll. 
The silent discharge of Cm influence machine and that of 
the induction coil arc particularly favourable to the pin 
duction of this substance. 

The spark will decompose, ammonia gnu, mid ob-limit 
gas, and it will also cause chemical e.ombimtlion to lake 
place with explosion, when pUHsort through detonating 
mixtures of gases. Thus oipial volumes of ehhiriiw and 
hydrogen are exploded by the Hpark. Ho are oxygen and 
hydrogen gases, when mixed in Cm proportion of (uo 
volumes of the latter to one, of Cm former. Kvwn the 
explosive mixture of common coal gas nii\ed wilh from 
four to ten times ila own volume of common air, can be 
thus detonated. A common experiment with Cn- -o ,ulb-d 
electric pistol consists in filling a small l.ranH vr.vml with 
detonating gases and then exploding them by a spark. 
The spark discharge is HoniefimeH applied to tim bring ui 
blasts and mines in military operations. 

317. Heating- Effects. • ■ Tim How of elertririty 
through a resisting medium is in every ruse accompanied 
by an evolution of heat. The laws of heating d,m to 
currents are given in Art. 427. The. disruptive dhdmige 
is a transfer of electricity through a medium u f -man 
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resistance and accompanied by an evolution of limit. A few 
drops of ether in a metallic spoon arc easily kindled by 
an electric spark. The spark from an electric machine, 
or even from a rubbed glass rod, sulliccs to kindle au 
ordinary gas-jet. in certain districts of America, during 
the driest season of the year, the mere rubbing of a 
person’s shoes against the carpet, as he shuJlles across the 
llour, generates sullicient eloctritieation to enable sparks 
to be drawn from bis body, and be may light the gas hy 
a single HjMU’k from his outstretched linger. Gunpowder 
can be lired by the discharge of a Leyden jar, but the 
spark should lie. retarded by being passed through a wet 
thread, otherwise the powder will simply be scattered hy 
the. spark. 

The Electric Air-Thcrmomder, invented, by Kinnerslcy* 
servos to investigate the heating powers of the discharge. 

11 consists of a glass vessel enclosing air, and communi¬ 
cating with a tube partly filled with water or other Ikpud, 
in order to observe c.hanges of volumo or of pressure. 
Into this vessel arc led two metal rods, between which is 
suspended a thin wire, or a filament of gilt paper; or 
a spark can bo allowed simply to cross between them. 
When the discharge passes the enclosed air is heated, 
expands, and causes a movement of the indicating column 
of liquid. The results of observation with these instru¬ 
ments are as follows-The heating ellect produced by 
a given charge in n wire of given length is inversely 
proportional to the square of the area of the cross section 
of Urn wire. The total heat evolved is jointly propor¬ 
tional to the charge, and to the potential through which 
it falls. In fact, if the entire energy of tho discharge is 
expended in producing heat, and in doing no other kind 
of Work, then the heat developed will be the thermal 

« Tlda instrument ill (Turn in no essential respect from that devised 
ninety years later by Ulus*, to whom the instrument in often accredited. 
Ulcus, however, deduced qumitllnllvo laws, while Kiimoraloy contented 
himself with qualitative obaurvatloiis. 
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equivalent of 1QV crys, or —y calories; where J re¬ 
presents the mechanical equivalent of heat (J = 42 
million; since 42 x 10° crys = 1 calorie ), and Q and V 
are expressed in C.G.S. units. 

When a powerful discharge takes place through very 
thin wires, they may he heated to redness, and even fused 
by the heat evolved. Van Marum thus once heated 70 
feet of wire by a powerful discharge. A narrow strip of 
tinfoil is readily fused by the charge of a large Leyden 
jar, or battery of jars. A piece of gold leaf is in like 
manner volatilized by a powerful discharge. Franklin 
utilized this property for a rude process of multiplying 
portraits or other patterns, which, being first cut out in 
card, were reproduced in a silhouette of metallic particles 
on a second card, by the device of laying above them a 
film of gold or silver leaf covered again with a piece of 
card or paper; a Leyden battery being then discharged 
through the leaf. 

318. Luminous Effects.—The discharge exhibits 
many beautiful and varied luminous effects under different 
conditions. The spark of the disruptive discharge is 
usually a thin brilliant Btreak of light. When it takes 
place between two metallic balls, separated only by a 
short interval, it usually appears as a single thin and 
brilliant line. If, however, the distance he as much as a 
few centimetres, the spark takes an irregular zigzag form. 
In any case its path is along the line of least resistance, 
the presence of minute motes of dust floating in the air 
being cpiite sufficient to determine the zigzag character. 
Often the spark exhibits curious ramifications and fork¬ 
ings, of which an illustration is given in Fig. 163, which 
is drawn one - eighth of the actual size of the spark 
obtained from an electrical machine. Photographs of 
lightning flashes almost always show similar branching. 
The branches always point toward the negative electrode. 
The discharge from a Leyden jar affords a much brighter, 
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shorter, Homier spark than the. spark drawn (lin'd from 
Ih«* eollertur <»f a machine. Thu length (sec. Art. 313) 
depends upon tin 1 potential, and upon tlic pressure and 
temperature id* tin- air in winch the discharge takes place. 
The brilliance depend-* childly upon the quantity of the 
tlbduirge. The eohmr of the. spark varies with Lhe 
nature of the metal surfaces between which the discharge 
takes place fm- the spark tears away in its passage small 
portions uf tlu 1 metal surfaces, and volatilizes them. Be¬ 
tween copper or silver terminals the spark takes a green 
tint, while between iron knobs it is of a reddish hue. 



Fig. imi. 


KviUiiinatii.u with the spectroscope, reveals the presence 
in the spark of the. rays elutraeLeriaUo of the incandescent 
vapours of the several metals, 

319, Brush Discharge: Q-low Discharge.— If 
an eluctriu much inn is vigorously worked, hut no sparks 
he drawn from its collector, a line diverging brush of 
pale Idim light cun he seen (in a dark room) streaming 
IVoyi (he hmsx hull at the end of it farthest from the 
collecting eotuh ; a hissing of crackling sound always 
accompanies this kind of discharge.. The brush dis- 
ehargu consists of innumerable line twig-like ramifications, 
presenting a form of which Fig. 104 gives a fine example. 
The unil nizi*. of the hvush iw increased uy 

holding a fiat plate of metal a little way from it. With 
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a smaller ball, or with a bluntly-pointed win*, llu* brinh 
appears smaller, but is more distinct, and miiliniiutei. 
When discharge is going on between two balls the 
brushes are never alike. At; the positive ball nr anode 
the brush discharge is larger and more minified than at 
the negative ball. But the negative brush in more easily 
formed than the positive. Wheatstone found by using bin 
rotating mirror that the brush discharge is really a nuirs 



mi. 


of successive partial sparks at rapid intervals. Metallic 
dust is in every case torn away from the elect rode bv tin* 
brush discharge. 

If the blunt or rounded conductor be replaced bv a 
pointed one, the brush disappears and gives plan* lu u 
quiet and continuous ylmo when* the electrified particle* 
of air are streaming away at the point. If Uir»c cun- 
vexion-streams are impeded the glow mnv mice more 
give place to the brush. 'Where a negative charge ia 
being discharged at a point, the glow often appears i» 
be separated from the surface of tin. conductor bv a dull 
space, where the air, without becoming luminous, altU 
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conveys tlu* electricity. This phenomenon, to winch 
Purndny gave tlu*. name of the. “ dark ” discharge is very 
well mm when electricity is discharged through rarefied 
air and other gases in vacuum tubes. 

A spark discharge may degenerate into a hrusli if the 
surface of (he. electrode becomes jiitte.il or roughened by 
frequent discharges. Hence, in all spark experiments it is 
important to keep the discharging halls hujhhj polished. 

320. Disoharffes in Partial Vaoua.—If the dis¬ 
charge takes place, in glass tubes or vessels from which the 
air lias been jmrtially exhausted, many remarkable and 
beautiful luminous phenomena are produced. A common 
form of vessel is the “electric egg” (Pig. 137), a sort of 
oval bottle that can he screwed to an air pump, and 
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Fig. ins. 

furnished with brass knobs to load in the sparks. More 
often “ vacuum tubes,” such ns those manufactured by 
the celebrated Geissler, are employed. Those are merely 
tubes of thin glass blown into bulbous or spiral forms, 
provided with two electrodes of platinum wire fused into 
the glass, and sealed off after being partially exhausted 
of air by a mercurial air pnmj>. Of these Geissler tubes 
the most useful consist of two bulbs joined by a narrow 
tube (Pig. 105), the luminous effects being usually more 
intense in the contracted, portion. 8uoh tubes are readily 
illuminated by discharges from an olectrophorus or an 
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influence machine ; hut it is more common to work them 
with the spark of an induction coil (Pig. 135). A coil 
capable of throwing a |--inch spark in air will illuminate 
a vacuum tube 6 or 8 inches long. Where an alternate- 
current supply is available small transformer's (Art. 228) 
wound to deliver - B \ ampere at 5000 volts serve admirably 
for lighting vacuum lubes. 

Through such tubes, before exhaustion, the spark passes 
without any unusual phenomena being produced. As the 
air is exhausted the sparks become less sharply defined, 
and widen out to occupy the whole tube, becoming pale 
in tint and nebulous in form. The kathode exhibits a 
beautiful bluish or violet glow, separated from the con¬ 
ductor by a narrow dark sjoace, while at the anode a single 
small bright star of light is all that remains. At a certain 
degree of exhaustion the light in the tube breaks up into 
a set of striae, or patches of light of a cup-like form, which 
vibrate to and fro between darker spaces. In. nitrogen 
gas the violet aureole gloving around the kathode is very 
bright, the rest of the light being rosy in tint. In oxygen 
the difference is not so marked. In hydrogen gas the tint 
of the discharge is bluish, except where the tube is narrow, 
where a beautiful crimson may he seen. With carbonic 
acid gas the light is remarkably white. Particles of 
metal are torn off from the kathode, and projected from 
its surface. The kathode is also usually the hotter when 
made of similar dimensions to the anode. If the anode 
is heated and the kathode kept cool no discharge will 
pass. The luminosity disappears from the rarefied air in 
the neighbourhood of a red-hot platinum spiral inside the 
tube. If the kathode gets white-hot the glow disappears, 
and the gas conducts freely without shining. It is also 
observed that the light of these discharges in vacuo is 
rich in those rays which produce phosphorescence and 
fluorescence. Many beautiful effects are therefore pro¬ 
duced by blowing tubes in uranium glass, which fluoresces 
with a fine green light, and by placing solutions of 
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other lUuuvseeul liquids in outer tubes of 


urnum 

lv ■. 

U&1. Phonomona in Hiffh Vacua.—Crookes has 
.on.I Uuit when exhaustion is curried to a very high 
I hi- dark space separating the negative glow 
i>>m !hr negative pule increases in width; and that 
. j Uu . v p;iee elect rilled molecules are projected in 
..null. I p.iili, normally fruin the. surfaeo of the kathode. 
1 he carried to such a high degree that the 

Uk ’'pare Jills the entire lube or bulb, the glass walls 
uvulae beautifully phosphorescent. Diamonds,rubies, and 
even white powdered 
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i|»*n th>- opposite wall of I 


alumina placed in the 
t uhes become brilliantly 
phosphorescent if tin 
kathode discharge ii 
directed upon them 
And if bodies (whethe 
opaque or transparent 
he interposed in front t 
the electrode, sharply 
defined nhudown of thes 
bodies are. projecte 
d, as if they stopped th 


n J,.r Mime of the living molecules, and prevented thei 
i».,m taking tlii‘ opposite wall, hi Kig. 106 the lcathoi 
K nui hightly convex disk of aluminium. In the path 
the iliwliargc' is set a eross cut out of mica. Its shadow 
appean on the end of the bulb, which phosphoresces t 
jii.amd the shadowed part. The anode may he eith 
\ „ hi'dillv-poiseil vanes are also driven round 

plr. d in the path’ of the disehavge. Crookes regard 
$i«H kathode discharge as exhibiting matter m an ulti 
or rudknt stale. A disk placed m tlie li 
Hf the kathode disehurge becomes thereby positw 
idcclrilled. The. kathode discharge is independent 
the loutul used as kathode, and is also independent 
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e position of the anode. Any restriction of space 
onnd the kathode tends to stop the discharge. Similar 
leuomcna have Leon observed in vacuous tubes without 
L y internal electrodes. Hertz discovered that these 
ithodic “ rays " which will not pass through glass, mica, 
any transparent substance, will pass through metal 
il. Lenard, using a vacuum tube with a “ window ” of 
uminium foil at one end, has succeeded in passing the 
.tliodic rays out into the air (in which they cannot 
. produced at all), and finds them to retain their re- 
arkablc property of exciting phosphorescence. 

In extremely high vacua there is an enormous re- 
stance, apparently due to some difficulty in the electric 
scharge leaving the electrode. The molecular eon- 
ictivity of the rarefied gas is itself very high. Tor 
. equal number of molecules it is higher than that of 
,e metals. 

Holtz has more recently produced <c electric shadows/ 5 
r means of discharges in air at ordinary pressure, bc- 
-een the poles of the influence machine (Fig. 41), the 
charge taking place between a point and a disk covered 
ith silk, on which tlie shadows are thrown. 

322. Strise.—The stria or stratifications have been 
amined very carefully by Gassiot, by Spottiswoode, and 
r De la Hue. The principal facts hitherto gleaned are 
follow :—The stria) originate at the anode at a certain 
’essure, and become more numerous, as the exhaustion 
oceeds, up to a certain point, when they become thicker 
id diminish in number, until exhaustion is carried to 
.ch a point that no discharge will pass. J. J. Thomson 
und the column of striae to exhibit a nearly constant 
ectric resistance all along ; though beyond it in the 
sighbourhood of the kathode the resistance was much 
■eater. In a vacuum tube over 50 feet long the dis- 
large was striated through whole length except near the 
ithode. If the kathode is moved forward the strife 
ove with it. The striae flicker even when the con- 


Uutuiuri current. from u battery ol some, thousands of cells 
(Art. 1 H(i) is used. There. is a maximum of steadiness 
with a particular density of current. Thu atrine are hotter 
than the spaces between them. The. number and position 
nf the stria■ vary, not only with the exhaustion, hut with 
the iliHercuce, of potentials ol the electrodes. Each portion 
of the column of strife ads ns an hide]icmde.nt, discharge. 
When strife are produced by flic intenniUeut discharges 
of the induction coil, examination of them in a rotating 
mirror reveals that they move, forward from the anode 
towards the kathode. 

Schuster has shown that, the discharge through gases 
h a process resembling that of electrolysis (Art. 237), 
being accompanied by breaking up of the. gaseous mole¬ 
cules find incessant intereluuiges of atoms between them. 
The production of ozone (Art. 310) and the phenomena, 
noticed fit the kalhndo (Art. 321) give support to this 
view. Amongst other evidence is the. striking discovery 
of l lit turf that quite a few cells can send a current 
through gas tit ordinary pressures provided a spark-dis¬ 
charge is going on in the neighbourhood. .). .1. Thomson 
finds llmt those gases which when heated are. decomposed 
or nioleeiilarly dissociated, ho that free. atouiH are present, 
are also good conductors, lie. regards chemical decom¬ 
position as an essential feature, of gaseous discharge. 

The discharges in vacuum tubes are, alfecled by the 
miujurt al - <l11 degrees of exhaustion, behaving like flexible 
conductors. Under certain conditions also, the discharge 
is Hrntitivr to llm presence ol a conductor on the exterior 
of tint tube, retreating from the side where it is touched. 
This sensitive slate nppeurH to ho due to a periodic inter- 
mitteuee. in the discharge. ; an inferniitle.nco or partial 
iulermiftence in the ilow would also probably account for 
the production of strife. 

323. Velocity of Propagation of Disoh.arge.-~ 
The earliest use of the rotating mirror to analyze pheno¬ 
mena of short duration wub made by Wheatstone, who 
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ttempted by thin means to measure “the velocity of 
lectricity ” in conducting wires. Wlmfc he succeeded in 
jcasuring was not, however, the velocity of electricity , but 
he time taken by a certain quantity of electricity to 
ow through a conductor of considerable resistance and 
apacity. Viewed in a rotating mirror, a spark of definite 
uration would appear to be drawn out into an elongated 
troak. Such an elongation was found to be visible when 
Leyden jar was discharged through a copper wire half 
mile long; and when the circuit was interrupted at 
hree points, ono in the middle and one at each end of this 
are, three sparks were obtained, which, viewed in the 
nrror, showed a lateral displacement, indicating (with 
he particular rate of rotation employed) that the middle 
park took place , , n l"(ro'(7 a Becon ^ later than those at the 
nils. Wheatstone argued from this a velocity of 288,000 
riles per second. But Faraday showed that the apparent 
ate of propagation of a quantity of electricity must he 
fleeted by the capacity of the conductor ; and he even 
iredieted that since a submerged insulated cable acts like 
Leyden jar (sec Art. 301), and has to bo charged before 
id potential at the distant end can rise, it will retard 
he apparent How of electricity through it. Professor 
'looming .Tonkin says of one of the Atlantic cables that, 
fter contact with the battery is made at one ciul, no 
fleet can he detected at the other for two-tenths of a 
ncond, and that then the received current gradually 
icreases, until about three seconds afterwards it reaches 
.s maximum, and then, dies away. This retardation is 
roportional to the square of the length of the cable, being 
roportional both to its capacity and to its resistance ; hence 
; becomes very serious on long cables, reducing the 
peed of signalling. There is in fact no definite assign¬ 
ee “velocity of electricity.” In the case of wires 
aspended in air the velocity of propagation of any rapid 
Lectrieal vibration is equal to the velocity of light. But 
i the case of slow vibrations, like those of telephonic 
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bring M'ul. through laud lints or cables, the 
v. !•...(> ma\ ).,• much le..s. 

\ ins dm]iD- experiment will enable live student to 
i. d'./i* |lif exeerdingly .slutrl duration of tlie spark of a 
I,- ni.-ii jar. Let a I'mimi disk of cardboard painted 
v>»th Ma< i. and while seniors be. rotated very rapidly so 
n S'* i- >k l>\ Mvdiiiarv like a mere gray surface. 

W hen tin • i illnmiiialed hy the spark of a Leyden jar it 
• 1>» he standing ahsolulely still, limvo.ver rapidly 
1 ? m IV hr tinning. A Hash of lightning is equally in- 
'ii.iiit.mi itiH; it is ullerly impossible to determine at 
whieli «-ud the llunh begins* 

DILI. Kim'trio Dust - Figures.'—Electricity may 
, reep t lull Iv over the. surfuro, of had conductors. Licliten- 
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lc distribution of electricity by means of certain electro- 
ojiic pov:derc. Take a charged Leyden jar and write with 
xe knolj of it upon a cake of pitch, or a dry sheet of glass, 
hen sift, through a bit of muslin, over the cake a mixture 
I; powdered red lead and sulphur (vermilion and lyco- 
odiuin powder answer equally well). The powders in 
lis process rub against one another, the red lead becoming 
b, the sulphur - . Hence the sulphur will be attracted 



Fig. 16S. 


to those parts where there is -f- electrification on the disk, 
and settles down in curious branching yellow streaks like 
those shown in Fig. 167. The red lead settles down in 
little red heaps and patches where the electrification is 
negative. These rounded red patches indicate that the 
— discharge has been of the nature of a wind or silent 
discharge. The branching yellow streaks indicate that 
the positive discharge (as indeed may be heard) is of the 
nature of a brush. Fig. 168 shows the general appearance 
of the Lichtenberg's figure produced by holding tlie knob of 





previously been rubbed with fiannel, the negative elec¬ 
trification being attracted upon all sides toward the 
central positive charge. These same powders may be 
used to investigate how surfaces have become electrified 
by rubbing, and how pyroelectric crystals (Art. 74) are 
electrified during cooling. 

Powdered tourmaline, warmed and then sifted over a 
sheet of glass previously electrified irregularly, will show 
similar figures, though not so well defined. 

Breath-figures can be made by electrifying a coin or 
other piece of metal laid upon a sheet of dry glass, 
and then breathing upon the glass where the coin lay, 
revealing a faint image of it on the surface of the glass. 

F. J. Smith finds that if a coin or engraving laid face¬ 
down upon a photographic dry-plate is sparked with an 
induction coil, the plate receives an invisible image which 
can be photographically developed. 

325. Physiological Effects. — The physiological 
effects of the current have been described in Lesson XX. 
Those produced by the spark-discharge are more sudden 
in character, but of the same general nature. Death is 
seldom the direct result. The shock causes a sudden 
cessation of respiration, resulting in suffocation as from 
drowning. The bodies of persons struck by the lightning 
spark frequently exhibit markings of a reddish tint where 
the discharge in passing through the tissues has lacerated 
or destroyed them. Sometimes these markings present a 
singular ramified appearance, as though the discharge 
had spread in streams over the surface at its entry. 

326. Dissipation of Charge.—However well in¬ 
sulated a charged conductor may be, and however dry 
the surrounding air, it nevertheless slowly loses its charge, 
and in a few days will be found to be completely discharged. 
The rate of loss of charge is, however, not uniform- It 
is approximately proportional to the difference of potential 
between the body and the earth. Hence the rate of loss 


is greater at first than afterwards, and is greater for highly- 
charged bodies than for those feebly charged. The law 
of dissipation of charge therefore resembles Newton’s law 
of cooling, according to which the rate of cooling of a hot 
body is proportional to the difference of temperature be¬ 
tween it and the surrounding objects. If the potential 
of the body be measured at equal intervals of time it will 
be found to have diminished in a decreasing geometric 
series ; or the logarithms of the potentials at equal intervals 
of time will differ by equal amounts. The rate of loss is, 
however, greater at negatively-electrified surfaces than at 
positive. 

This may be represented by the following equation : 

V t =V 0 e-i* 

where Y 0 represents the original potential and V t the potential 
after an interval L Here e stands for the number 2*71828 . . . 
(the base of the natural logarithms), and p stands for the 
£4 coefficient of leakage,” which depends upon the temperature, 
pressure, and humidity of the air. The same formula serves for 
the discharge of a condenser of capacity K through a resistance 
K; if p is written for 1/KR. 

327. Positive and Negative Electrification.— 
The student will not have failed to notice throughout 
this lesson frequent differences between the behaviour 
of positive and negative electrification. The striking dis¬ 
similarity in the Lichtenberg’s figures, the displacement 
of the perforation-point in Lullin’s experiment, the un¬ 
equal tendency to dissipation at surfaces, the unequal 
action of heat on positive and negative charges, the re¬ 
markable differences in the various forms of brush and glow 
discharge, are all points that claim attention. Gassiot 
described the appearance in vacuum tubes as of a force 
emanating from the negative pole. Crookes’s experi¬ 
ments in high vacua show molecules to be violently 
discharged from the negative electrode, the vanes of a 
little flv nclosed in such tubes being moved from t e 



win'll funnel ]ik*‘ partitions were fixed in a vacuum tube 
the resistance L much less when the open mouths of the 
ftmuels fiee the negative electrode. These, matters are 
) c| quite unaccounted for by any existing theory of 
elreincit v, 

Thr mthtn* of these lessens is disposed to take the following 
uo\ mi the* p«mit: If electricity he really one and not two, 

‘ die r tie* so e.ilinl jhtMfire or the netjo/tre clcct.rilieaUou must be 
a • f.dr tu which there is more electneity than in the surrounding 
space, and the other must he a state in which there is lew. The 
nliid« at was told, in Art. 7* that in the present, state of the science 
we do ted know for eertam whether * k positive ” electrification is 
leal!) an « •*» ol eleetrieity or a Pejeet, Now some of the pheno¬ 
mena alluded to m this Aiti*de seem to indicate that, the so-called 
“ mvatiie " electiilteatmu really is the state of excess. In par¬ 
ticular, the he t that the rate of dinsipidion of charge is greater 
tor negative sdrotrihcutioii than for positive, points this way; 
because the biw of 1u.,h of charge is the exact counterpart of the 
law of flic h»%s of heat, in which it is quite certain that, for equal 
difirrriirm of temperature between n body and its surroundings, 
the rate ol loss of heat is greater at higher temperatures than at 
lower ; or the body that is really hotter loses its heat fastest. 


L}.,km»\ XXV. Atmospheric tiled rieity 

32a The ph emmieim of atmospheric electricity are 
of two kmds. There are the well-known electrical pheno¬ 
mena of thunderstorms ; and there are the phenomena 
of nmlmuiil Might electrification in the air, host observed 
when the weather in tine, The phenomena id’ the Aurora 
constitute a third branch of the Hubjeet, 

320. The Thunderstorm an Electrical Pheno¬ 
menon, The detonating spark h drawn from electrical 
machines and from Leyden jura did not fail to suggest 
to the early experimenters, Haukahee, Newton, Wall, 
Nolle!, and Uray, that the lightning flush and the thunder- 



all tlic properties observable in electric sparks,'* .‘nigger,b‘d 
that tlie electric action of points (AH. -Hi), which wit* 
discovered by him, might he tried on thunderclouds, and 
so draw from them a charge of electricity. He proposed, 
therefore, to iix a pointed iron rod to a high tower. 
Before Franklin could carry his proposal into effect, 
Dalibard, at Marly-la-villu, near Paris, taking up the 
hint, erected an iron, rod 40 feet high, hy which, in 17 ft it 
he drew sparks from a passing cloud. Franklin shortly 
after succeeded in another way. He scut up a kite during 
the passing of a storm, and found tin* welted airing to 
conduct electricity to the earth, and to yield abundance 
of sparks. These he drew from a key tied to the string* 
a silk ribbon being interposed between Ids hand and the 
key for safety. Leyden jars could lx* charged* and nil 
other electrical clients produced, hy the sparks furnished 
from the clouds. The proof of the identity was complete. 
The kite experiment was repeated by Lomas, who drew 
from a metallic string sparks 9 feet long, and by (’avalha 
who made many important observations on atmospheric 
electricity. In 1753 Itiehmann, of St. Petersburg, who 
was experimenting with an apparatus resembling that 
of Dalibard, was struck by a sudden discharge and 
killed. 

330. Theory of Thunderstorms.« Solids and 
liquids cannot be charged throughout their substance ; if 
charged at all the electrification is upon their surface (see 
Art. 31). But gases amt vapours, being composed of 

* Franklin enumerates Bpocifinally an agreement, between eloetHeltyard 
lightning in the following respects (living light.; colour of the light ; 
crooked direction; swift motion ; being conducted by metals ; m»lw in 
exploding; conductivity in water and ice; rending imperfect eondueiun* ; 
destroying animals ; molting metals ; firing inflammable substtmera ; nn\ 
phuroous smell (duo to ozone, as wo now know); and he had previously 
found that noodles could bo magnetized Ixith by lightning and by the 
electric spark, lie also drew attention to the similarity Wtwoen the pub* 



myriads of separate particles, can receive a bodily charge. 
The air in a room in which nn electric machine is 
worked is found afterwards to he charged. The clouds 
are usually charged more or lens with electricity, derived, 
probably, from evaporation going on at the earth’s surface. 
The minute particles of water Hunting in the air become 
more highly charged. As they fall by gravitation and 
unite together, the strength of their charges increases. 
Suppose eight small drops to join into one. That one 
will have eight times the quantity of electricity dis¬ 
tributed over the surface of a single, sphere of twice the 
radius (and, therefore, of twice the capacity, by Art. 272) 
of the original drops; and its electrical potential will 
therefore he four times w great. Now a mass of cloud 
may consist of such charged spheroids, and its potential 
may gradually rise, therefore, by the coalescence, of the 
drops, and the electrification at the lower surface, of the 
cloud will become greater and greater, the surface of the 
earth beneath acting us a condensing plate and becoming 
charged, by influence, with the opposite kind of elec¬ 
trification, Presently tin* difference of potential becomes 
ho great that the intervening strata of air give way under 
the strain, and a disruptive discharge takes place at the 
point when; the air offers least resistance. This lightning 
spark, which may he more than a mile in length, dis¬ 
charges only the edeefcrieify that has been accumulating 
at the surface of the cloud, and the other parts of the 
cloud will now react upon the discharged portion, pro¬ 
ducing internal attractions imd internal discharges. The 
internal actions thus set up will account for the usual 
appearance of a thundercloud, that it is a well-defined 
flat-bottomed mass of cloud which appears at the top to 
be boiling or heaving up with continual movements. 

881, Lightning and Thunder.— Three kinds of 
lightning have been distinguished by Arago: (i.) The 



Presence of solid particles in the air or to local electrifi¬ 
cation at certain, points, making the crooked path the one 
^f least resistance, (ii.) Sheet lightning , in which whole 
Effaces are lit up at once, is probably only the reflexion 
the clouds of a flash taking place at some other part 
f the sky. It is often seen on the horizon at night, 
^fleeted from a storm too far away to produce audible 
dixinder, and is then known as “summer lightning.” 
'iii.) Globular lightning , in the form of balls of fire , which 
txiove slowly along and then burst with a sudden ex¬ 
plosion. This form is very rare, but must be admitted 
a real phenomenon, though some of the accounts of it 
i*re greatly exaggerated. Similar phenomena on a small 
*ca.le have been produced (though usually accidentally) 
with electrical apparatus. 

The sound of the thunder may vary with the con¬ 
ditions of the lightning spark. The spark heats the air 
Lxl its path, causing sudden expansion and compression all 
XQixnd, followed hy as sudden a rush of air into the 
partial vacuum thus produced. If the spark be straight 
arLd. short, the observer will hear but one short sharp clap. 
If its path be a long one and not straight, he will hear 
tfh.e successive sounds one after the other, with a charac¬ 
teristic rattle, and the echoes from other clouds will come 
rolling in long afterwards. The lightning-flash itself 
never lasts more than ^ 0 - G - of a second, but sometimes 
is oscillatory in character (see Art. 515). 

The damage done by a lightning-flash when it strikes 
an imperfect conductor appears sometimes as a disrup¬ 
tive mechanical disintegration, as when the masonry of a 
oliimney-stack or church-spire is overthrown, and some¬ 
times as an effect of heat, as when bell-wires and objects 
of metal in the path of the lightning - current are 
fused. The physiological effects of sudden discharges are 
discussed in Arts. 255 and 325. 

The “ return-stroke ” experienced hy persons in the 



Idtfhinhur ConduetorB.—The fn-st, sugges¬ 
tion In juuir. { propeity ih<mu lest ruftioii by lightning was 
umde 1'Y Franklin in 17 IP, in tho following words :— 

** M.*v no! {ht* knowledge of this power of points bo of uso to 
ouukiud, m pu-.mmg houses, churches, ships, ofe., from the 
.!51 4 %r • »| h dit ium\ h\ directing us to tlx on tho. highest parts of 
t bn »r «'t i 11 a < s , upright rod. of iron made sharp as a needle, and gilt 
to pn \r?a iu turn and from the foot of those rods a wire down 
tie* otshnle “f tii** budding into tlui ground, or round one. of the 
'diomd. of n ship, and down her side fill if reaches the water? 
Would not fhr.e pointed rods prohahly draw tho electrical fire 
fulrnfH out of a eioud Indore if eame nigh enough to strike, and 
Ihnrby 'iivtnv tt. from that most sudden and terrible mischief?” 

Maxwell proposed to rover houses with a network of 
nmdueUug vmv *, without any main eondueior, the idea 
1 ten ip that then t he interior of the. building will, like 
FumduyT hnllow euhe pA.rt. Tig he completely protected 
front ehodrie foive. Mtieh controversy has arisen of late 
rt*Mj»fvtiiig Iipjitninpc rods. Professor Oliver Lodge main- 
taitH the lightning fla^h to be of the nature of an 
electric oscillation t Art, bib's rather than a current. Jf 
*iu, the nmduetor of least resistance is not necessarily the 
laud lightning . rod, Professor Podge and the author 
independent h , and for didorent reasons, recommend iron 
in preference to copper for lightning-rods. 

The following points summarize the modern views on 
the subject ; 

1 , All parts of n lightning conductor should he of one and the 
•mute metal, avoiding joints us far an possible, and with as few 
»hnrp bends or corners an may he. 

o, The uho of copper for lightning-rods is a needless extrava- 
giuiM*. lorn ». far better. Hibbon is sligiitly better than round 
i<»d ; hut ordinary galvanized iron t(degraph-wire is good enough, 

tt. The conductor should terminate not merely at the highest 
point of u building, but be eutried to all high points. It is unwise 
to erect very tall pointed rods projecting several foot above the 
roof. 



5. H in any part the conductor goes near a gas or water pipe 
it is better to connect them metallically than to leave them apart. 

6. In ordinary buildings the conductor should be insulated 
away from the walls, so as to lesson liability of lateral discharge to 
metal stoves and things inside the house. 

7. Connect all external metal-work, zinc spouts, iron crest 
ornaments, and the like, to each other, and to the earth, but not to 
the lightning conductor. 

8. The cheapest way of protecting an ordinary house is to run 
common galvanized iron telegraph-wire up all the corners, along all 
the ridges and eaves, and over all the chimneys ; taking them 
down to the earth in several places, to a moist stratum, and at 
each place burying a load of coke. 

9. Over the tops of tall chimneys it is well to place a loop or 
arch of the lightning conductor, made of any stout and durable 
metal. 

333. Atmospheric Electricity. — In 1752 Le- 
monnier observed that the atmosphere usually was in an 
electrical condition. Oavallo, Beccaria, Ceca, and others 
added to our knowledge of the subject, and more recently 
Quetelet and Lord Kelvin have generalized from more 
careful observations. The main result is that the air 
above the surface of the earth is usually, during fine 
weather, positively electrified, or at least that it is 
positive with respect to the earth’s surface, the earth’s 
surface being relatively negative. The so-called measure¬ 
ments of “atmospheric electricity” are really measure¬ 
ments of difference of potential between a point of the 
earth’s surface, and a point somewhere in the air above it. 
In the upper regions of the atmosphere the air is highly 
rarefied, and conducts like the rarefied gases in (Teissier’s 
tubes (Art 320). The lower air is, when dry, a non¬ 
conductor. The upper stratum is believed to be charged 
with + electricity, while the earth’s surface is itself 
negatively charged; the stratum of denser air between 
acting like the glass of a Leyden jar in keeping the 


of the glass of a charged jar, wo should find that the 
values of the potential changed in regular order from a 
f' value at one side to a - value at the other, there heiim 
a point of /<• ro potential about halfway between the two. 
Now, the air in tine weather always given + indications 
and the potential of it is higher the higher we go to 
meaaue it. (hvalln found higher electrification just 
out: ide the eupola of St. Paul’s Oalhedral than at a lower 
point of the building. Lord Kelvin found the potential 
m the inland of Arrau to inerease from ihd to 40 volts 
for a the of one foot, in level ; hut the ditferenee of 
potential was sometimes eight or Urn times as much for 
tin* same ditferenee of level, and changed rapidly, as the 
east wind hlew masses of cloud charged with + or — 
electricity across the sky. Joule, and Kelvin, at Aber¬ 
deen, found the rise of potential to he equal to 40 volts 
per foot, or 1 volts per centimetre rise of level. 

During tine weather a negative, electrification of the 
air in extremely rare. Beecaria only observed it six 
times in fifteen years, and then with accompanying 
winds. But in broken weather and during rain it is 
more often than d-, and exhibits great Iluetuations, 
changing from - to }•, ami hack, several times in half 
an hour. A definite change in the electrical conditions 
usually accompanies a change of weather. “ If, when 
the rain has censed (said (Ven), a strong excessive ( + ) 
electricity obtains, it is a sign that the weather will 
continue fair for several days.” 

334, Methods of Observation. —The older 
observers were content to aliix to an electroscope (with 
gold leaves or pith-balls) an insulated pointed rod 
stretelling out into the. air above the ground, or to fly a 
kite, or (as Beequerel did) to shoot into the. air an arrow 
communicating with an electroscope by a tine wire, which 
was removed before it (bll. (hiy-Bussac and ’Biot lowered 


of these methods is quite satisfactory, for they do not 
indicate the potential at any one point. To bring the 
tip of a rod to the same potential as the surrounding air, 
it is necessary that material particles should ho discharged 
from that point for a short time, each particle as it 
breaks away carrying with it a + or a - charge until 
the potentials are equalized between the rod and the 
air at that point. Volta did this by means of a small 
flame at the end of an exploring rod. Lord Kelvin 
has employed a “ water-dropper,” an insulated cistern 
provided with a nozzle protruding into the air, from 
which drops issue to equalize the potentials : in winter 
he uses a small roll of smouldering touch-paper. l)oll- 
mann adopted another method, exposing a sphere to 
influence by the air, and then insulating it, and bringing 
it within-doors to examine its charge. Peltier adopted 
the kindred expedient of placing, on or near the ground, 
a delicate repulsion-electrometer, which during exposure 
was connected to the ground, then insulated, then re¬ 
moved indoors for examination. This process really 
amounted to charging the electrometer by influence with 
electrification of opposite sign to that of the air. The 
“ quadrant” electrometer, described in Art. 288, and a 
“ portable” electrometer on the attracted-disk principle, 
are now used for observations on atmospheric electricity. 
Using a water-dropping collector and a Kelvin electro¬ 
meter, Everett made a series of observations in Nova 
Scotia, and found the highest + electrification in frosty 
weather, with a dry wind charged with particles of ice. 

335. Diurnal Variations.— Quetelet found that 
at Brussels the daily indications (during fine weather) 
showed two maxima occurring in summer at 8 a.m. and 
9 r.M., and in winter at 10 am. and G l\M. respectively, 
and two minima which in summer were at the hours of 
3 p.m. and about midnight. lie also found that in January 



summer, ami at 10 a.m, in winter ; and a second mini¬ 
mum at 10 i\ M. in summer and 7 r.M. in winter. Tlie 
maxima, correspond fairly with hours of changing tem¬ 
perature, the minima with those of constant temperature. 
In Faria, M. Muncart finds hut one maximum, juat before 
midnight: at sunrise the cdeetrieity diminishes until 
alxmt 3 p.m., when it has reached a minimum, whence it 
risen fill nightfall. 

Our knowledge of this important subject is still very 
imperfect. We do not even know whether all the 
changes of the earth’s electrification relatively to the air 
are due to causes operating above or below the earth’s 
surface. Simultaneous observations at different places 
and at different levels are greatly wanted. 

386. The Aurora.—-In all the northern regions of 
the earth the Aurora tmreali or “ Northern Lights,” is 
an occasional phenomenon ; and within and near the 
Arctic circle is of almost nightly occurrence. Similar 
lights are seen in the south polar regions of the earth, 
and are denominated A urom australis. As seen in 
European latitudes, the usual form assumed by the 
aurora is that of a number of ill-defined streaks or 
streamers of a pale tint (sometimes tinged with red and 
other colours), either radiating in a fan-like form from 
the horizon in the direction of the (magnetic) north, or 
forming a sort of arch across that region of the sky, of 
the general form shown in Fig. 1(H). A certain flicker¬ 
ing or streaming motion is often discernible in the 
streaks. Under very favourable circumstances the 
aurora extends over the entire sky. The appearance of 
an aurora is usually aeeomjmmied by a magnetic storm 
(Art. 150), affecting the compass-needles over whole 
regions of the globe. This fact, and the position of the 
auroral arches and streamers with respect to the 
magnetic meridian, directly suggest an electric origin 



those of discharge in rarefied air (Arts. 320 and 3:22). 
Yet the presence of an aurora does not, at least in our 
latitudes, affect the electrical conditions of the lower 
regions of the atmosphere. On, September 1, 3 850, a 
severe magnetic storm occurred, and aurora* were 
observed almost all over the globe ; at the same time 



a remarkable outburst of energy took place in the 
photosphere of the sun; hut no simultaneous develop, 
ment of atmospheric electricity was recorded Aurorm 
appear in greater frequency in periods of about 13 £ 
years, which agrees pretty well with the cycles of 
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The sjJectroscope shows the auroral light to he due 
to gaseous matter, its spectrum consisting of a few 
bright lines not referable with certainty to any known 
terrestrial substance, but having a general resemblance 
to those seen in the spectrum of the electric discharge 
through rarefied dry air. 

The most probable theory of the aurora is that origin¬ 
ally due to Eranklin ; namely, that it is due to electric 
discharges in the upper air, in consequence of the differ¬ 
ing electrical conditions between the cold air of the polar 
regions and the warmer streams of air and vapour raised 
from the level of the ocean in tropical regions by the 
heat of the sun. 

According to Nordenskiold the terrestrial globe is 
perpetually surrounded at the poles with a ring or crown 
of light, single or double, to which he gives the name of 
the u aurora-glory.’ 7 The outer edge of this ring he esti¬ 
mates to be at 120 miles above the earth’s surface, and 
its diameter about 1250 miles. The centre of the aurora- 
glory is not quite at the magnetic pole, being in lat. 81° 
N., long. 80° E. This aurora-glory usually appears as a 
pale arc of light across the sky, and is destitute of the 
radiating streaks shown in Fig. 169, except during 
magnetic and auroral storms. 

An artificial aurora has been produced by Lomstrom, 
who erected on a mountain in Lapland a network of wires 
presenting many points to the sky. By insulating this 
apparatus and connecting it by a telegraph-wire with a 
galvanometer at the bottom of the mountain, he was able 
to observe actual currents of electricity when the auroral 
beam rose above the mountain. 



CHAPTER Y 


ELECTROMAGNETICS 

Lesson XXVI .—Magnetic Potential 

337. Electromagnetics. — That branch, of the 
science of electricity which treats of the relation between 
electric currents and magnetism is termed Electromag¬ 
netics. In Arts. 128 to 140 the laws of magnetic forces 
were explained, and the definition of “ unit pole” was 
given. It is, however, much more convenient, for the 
purpose of study, to express the interaction of magnetic 
and electromagnetic systems in terms not of “ force ” but 
of “potential ”; i.e. in terms of their power to do work. 
In Art. 263 the student was shown how the electric 
potential due to a quantity of electricity may be evaluated 
in terms of the work done in bringing up as a test charge a 
unit of -f- electricity from an infinite distance. Magnetic 
potential can be measured similarly by the ideal pro¬ 
cess of bringing up a unit magnetic pole (N-seeking) from 
an infinite distance, and ascertaining the amount of work 
done in the operation. Hence a large number of the 
points proved in Lesson XXI. concerning electric potential 
will also hold true for magnetic potential. The student 


pole in bringing it up to that point from an infinite 
distance. 

(b) The magnetic potential at any point clue to a system 
of magnetic poles is the sum of the separate magnetic 
potentials due to the separate poles. 


The student must here remember that the potentials 
due to S-seeking poles will be of opposite sign to those 
due to N-seeking poles, and must be reckoned as negative. 


(c) The (magnetic) potential at any point due to a system 
of magnetic poles may be calculated (compare with 
Art. 263) by summing up the strengths of the 
separate poles divided each by its own distance from 
that point. Thus, if poles of strengths m',' ra", 
m'", etc., be respectively at distances of r', r", r'", 
. . . from a point P, then the following 
equation gives the potential at P :— 


TT m m on 

V P = 7 +-»+t» + ' 


or Y P = S 


on 
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(d) The difference of -(magnetic) poteoitial betioeen tiuo 
points is the work to be done on or by a unit 
-seeking) pole in moving it from one point to the 
other. It follows that if m xmits of magnetism 
are moved through a difference of potential V, the 
work W done will be 


W = mV. 

(e) Magnetic force on unit pole is the rate of change 
of (magoietic) potential per unit of length :■ it is 
numerically equal to the intensity of the field. 
Since by Art. 141, 

f—mELj 

n.nrl work is the Tvrndnot of a force into the length 




through wlut'h its point of iipplituttiuit meve« fur 
•ward, it follows timt 

W Jl mUL 

t 

W mV ; 
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flWipfc.“Tho ditferenee of umKuetie poUuihul ftHwmt {wo 
pointH f> nmtiwH. apart along « magneti*’ IM*| in whnh thoro 
aro 6000 linen per nil., to 110,000. <h\ it would require 

30,000 ergn of work to W expended to pe»h u unit ptde funtt 
ouo point to tlto other against thu uuigneHr trnve, 

(f) Eijuiputmtinl nurfitea tnr f/iw (iimujinnnj) surf ares 
surround iny a mmjmtic ptdr or system of poles, over 
which the (inwjnet it') potential Jut a apt at ml tint , 
Thun, around a single isolated magnet ie pole, tin* 
potential would ho equal nil round at equal din 
ttincoH ; anti the equipotentinl imrliiren would he 
a synlem of cunamtric spheres nt tmrh <ti*tnttr<'H 
apart that it wouhl require the riqaqidilurr of one 
cry of work to move u unit polo up from n point 
on the mtr(aw of one sphere to n\iy point on the 
next (nee Mg, I-If ft Around nny runl magnet 
puHHeHHmg two polar regime* tin* etjuipoteetiul nut* 
ineeH wmthi he tiiifrh more rumplirnfed, Mnymtie 
force, trhetlor of attraction or tepu l*wn t atmnju oris 
across the etpiipoimim! surfaces in tt tiimium 
normal to the surf tire ; the way net ie Una of force 
an merpohm ^rpemlieular to the 
surface *. 

Flux of Force. ~ From ti single magnetic! j«de 

>po8ed to he a point fur removed from all other r»nli«i 


V H/, 

H YiL 


into a number of conical regions, each having its apex 
at that pole; and through each cone, as through a tube, 
a certain number of lines of force will pass. Such a 
conical space may be culled a “tube” of force. The 
total number of magnetic lines within any tithe of force 
is called the maynctie Jinx* No matter where you cut 
across a tube of force, the cross-section will cut through 
the enclosed flux, though the lines diverge more widely 
as the tube, widens, lienee, 

(g) The muyndie Jinx across any wet ion of a Me ( f 
force is constant where rer the section be. taken. 

In case the magnetism is not concentrated at one 
point, but distributed over a surface from which the tubes 
start, we shall have, to speak of the u amount of magnet¬ 
ism” rather than of the “ strength of pole,” and in such 
a case the 

(h) Maynctie density is the amount of mayndim per unit 
of surface. In the case of a simple magnetic shell 
over the face of which the magnetism is distri¬ 
buted with uniform density, the “ strength” of 
tin; shell will be equal to the thickness of the 
shell multiplied by the surface-density. 

338. Intensity of Field. —We have seen (Art. 
115) that every magnet is surrounded by a certain 
ct held,” within which magnetic force is observable. We 
may completely specify the properties of the held at any 
point by measuring the strenyth and the direction of that 
force,—that is, by measuring the “ intensity of thejidd ” 
and the direction of the lines of force. The “ intensity of 
the field ” at any 2 >oint is measured by the force %vith which 
it acts on a unit pole placed at that point Hence, unit 
intensity of field is that intensity of field which acts on a unit 
pole with a force of one dyne. There is therefore a held of 



unit intensity at a point one rentiuietrc distant limit fin- 
pole of a magnet of unit strength. Supper a m.g-nrt 
])ole, whose strength is nq placed in a tie 14 at a p»*u*t 
where the intensity Is H, then tin 4 fern* will In* /a f urn > 
as groat as if the polo were of unit strength, ami 

/ -. • /// x H. 

To aid the imagination hr a graphie conn ptnm \\»• 
adopt Faraday's notion of representing tin* pinp»«H»e-* *4 t 
magnetic field hy supposing lines to he dt.tuu ■«» that 
they represent the direct i<m> and intnnuhj of th«- h» 14 l»s 
the direction and dcuHtij of the lines. The* trad * t*» th« 
empirical rule to draw as many magnetje lim-* to 11#* 
square centimetre (of cross seetion) as their \\oidd I** 
dynes of force on unit polo. A field of If unit* fm.itM 
one where there would he. H dynea on unit pnh\ «n II 
lines per square centimetre. It follow that u mat m*hi 
netic fold will ham 4 tt Hum of Jbtrr prom <1 hi ft h*m it; tor 
there is unit field at unit distance away, or mie magneto 
line per square centimetre ; and there me iir mpnire 
centimetres oi Hurfae.o on a sphere of unit radium diaw n 
round the pole. A. magnet, whose pole strength U hi, hm 
4.7rm, or 12*57 x m, lines running through the »trel, and 
diverging at its pole. The above-mentioned rule i» tlm 
origin of the Air symbol which comes in «* offmi mi>* 
electromagnetic formula 4 . Suppose n narrow i 
between the faces of two opposing magneto, each h-tung ># 
units of magnetism per square centimetre of thrir 
surfaces. The field in the space between will June thr 
value 

H — 4irtr t 

339. Work done toy Conductor oarryinir 
Current when it outs across the. Um.« of a 
Magnetic Field. - liy <l<sliuitic>n (Art. aim ii 




that this electromotive-force is due to the conductor 
cutting N magnetic lines during time t. Then if the 
motion be uniform and the average current during the 
time is called C, it follows that Q = Cl And the average 
electromotive-force is (see Art. 225) jt. Inserting 
these values we get 

W = C*xN/«, 

or W = CN; 

or, in words, the work done in moving a current across a mag¬ 
netic flux is equal to the product of the current into the total 
number of magnetic lines cut It will be noted that the 
work is the same whether the time is long or short. If 
C and N are in absolute (O.G.S) units, W will be in 
ergs . 

340. Fore© exerted by Magnetic Field on 
Wire carrying Current.—If a wire is moved side¬ 
ways across the lines of a magnetic field, through a 
distance x, it will sweep out an area equal to its own 
length l multiplied by x. And if H is the number of mag¬ 
netic lines per square centimetre the total number of lines 
cut will be = JELlx ; and the work done if the wire carries 
current C will be = CHfoc. But if work W is done in 
moving the wire through distance x the force / exerted 
will be WIx. Hence the force on the wire will be 

/=CHI; 


or, in words, the force is proportional to the current , to the 
intensity of the field, and to the length of wire in the field. 
It is a force that tends to drag the wire laterally, acting 
at right angles to the wire and to the lines of the field. 

This action is of course due to stresses going on in the 
medium, and is worthy of further thought. Consider 
the magnetic field in a gap between a large N-polo and 
a similar S-pole. The lines will go nearly uniformly 
str ioht ac ’Oss. Let a current flow in a Conner wire tl at 



ways, witli the current flowing “up” or toward the 
observer. The result will be that the magnetic field of 
the current (Art. 202) will be superposed upon that of 
the magnets, and will 
perturb it: the form 
of the perturbed field 
being that shown. In 
such a field the stresses, 
which act as though 
the magnetic lines 
tended to shorten 
themselves, will have 
the effect of urging the 
wire mechanically in 
the direction shown. 

This mechanical force 
acts on the matter of 
the wire, though due 
to the current. 

In calculating by 
the expression above, if C is given in amperes it must be 
divided by 10, 

341. Magnetomotive - force (or Total Mag¬ 
netizing Force) of a Current circulating in a 
Spiral Conductor.—Let a conductor carrying a current 
of C amperes he coiled up in a spiral having S as the 
number of turns. It is known, and easily understood, 
that the total magnetizing force of such is proportional to 
the number of ampere-turns; for experiment shows that, 
for example, a current of 10 amperes circulating in a coil 
of 50 turns has precisely the same magnetic power as a 
current of 5 amperes in 100 turns, or as a current of 
1 ampere in 500 turns. Each of these has 500 ampere- 
turns. 

To obtain the full expression let ns find the work that 
would be done in the act of moving a unit magnet-pole 

cnwnnrl nriv rlncuvl ■nstf'.h (Ficr from anv T)Oint P to 



tin' same point again, such path passing through all the 
turns of tin* magnet i/.ing coil. The work done on a unit- 
pi do in moving it once, around the (dosed path, against the 
magnetic forces of the system, in a measure of the power of 
that aij^ntt to mtujnt the; or, in oilier words, is a measure 
of ilH magmvfcomotive-force. Such a closed path may 
lie, according to circumstances, either wholly in air, or 
^ partly in air partly in iron, or wholly 
J=s jQQQpr^ in iron. Tim argument is entirely 
f U 0 U UU \ independent of any materials lying 
p‘** .....—*' along the ideal path. 

|<v 1VJ Now imagine, this unit-pole, with its 

Aw magnetic lines radiating out of it, to 
he panned along tin* closed path (Kig, 171) from P, through 
tin* spirals to P again. Mach turn of the coil will cut each 
of the magnetic lines once, and therefore, by Arts. 338 
and 331), the total work done will he 

W®4irCS/l 0 , 


where we divide by 10 to bring amperes to O.O.ft. units. 
Or, mnee Aw * 12*57, we get the rule -—ike mxujnetomoHve- 
fim t' * nf a mit is equal to I’257 times the a/mpen-turns. 

342. Intcmaity of Field in a long Tubular 
Coil, or Solenoid. A spiral roil wound on a tube is 
railed a solenoid. If has, when u current circulates in its 
cuila, a magnetic field along Urn inside of it, and is, in 
fact, w> long as the eurrent circulates, a magnet without 
iron. Thin magnetic, field, if the spiral is a very long one 
nay 20 times as long as the diameter of the spirals,— 
is very uniform all along the interior, except just toward 
tin* ends, where it becomes weaker. To find the intensity 
«f the field H, we may remember that (Art. 337, e) the 
work done on a unit pole in moving it through a length 
I of field 11 is e<pial to H/. Hut the work done in 



moving it along tlie tubular coil of length l is practically 
equal to that done around the closed path, since nearly 
all the forces are met along the part of the path inside. 
Hence we may equate 4x08/10 to H l ; giving the result 


4x CS 
= 10 X l ’ 


or the fn.tp.ndty . nfMmfdA in a long spiral is equal to 1*257 

times the number of ampere-turns per centimetre of length. 

At the mouth of a long spiral the intensity of the field 
is exactly half what it is midway between the ends. 

343. Magnetic Field due to Indefinitely Long 
Straight Current. Law of Inverse Simple 
Distance.—Consider a unit-pole at point P 
at a distance r (Fig. 172) from an indefinitely 
long straight conductor carrying a current of 
C amperes. The force tending to make the 
pole circulate around the wire may be calculated 
very simply as follows. If the unit-pole were 
to be moved once around the wire on a circular 
path with radius r, each one of the 4x magnetic 
lines that radiate from it would be cut once 
by the wire. Hence, by Art. 339, the work p . 
done in one such revolution would be equal ' ‘ 
to 4x0/10. But this work has. been done by moving the 
unit, against the forces of the system, along a path the 
length of which is 2 irr ; wherefore 

W =/ x 2xr = 4x0/10, 

whence 

/= 20/10 r. 



From this it appears that the force on unit-pole, and 
therefore the intensity of the field, is directly proportional 
to the current , and varies inversely as the simple distance 
from the wire. 



magnetism at a distance of 4 centimetres from a long 
straight wire carrying current of 00 amperes will he 3000 
dynes, or 3*02 grammes. 

The fart that the force varies inversely as the simple 
distance, ami not. m the square, was experimentally dis¬ 
covered by Biot and Savart in 1820, 

Around such a straight conductor the magnetic field 
consists of a cylindrical whirl of circular lines (Art. 202), 
their density decreasing as their radius increases. Outside 
a straight wire carrying a 10-ampere current the values of 
II are : 2 at 1 cm.; 1 at 2 cm.; 0*4 at 5 cm., and so 
forth. The pole tends to move circularly around the 
wire. 

344. Mutual Action of Magnet-pole and ol 
Blomont of Current.—Consider an element of current, 
that is to say, an indefinitely 
short piece of a conductor tra¬ 
versed by a current. Calling 
dl the length dl , and the currem 
< \ we have Odl as the magneth 
l value of the element with respec 
j,*j { *.. ?< to all points in its equatoria 

plan. Suppose the element t< 
tie net (Fig. 173) at distance r from a magnet-pole of n 
units, and at right angles to the line joining them. Then 
as the element in small compared witli r, the law o 
inverse squares will hold good : the mutual force will be 

- M’Cdt 

1() . r u * 

This will be neither an attraction nor a repulsion, but 
force at right angles to the element and to the line joinin 
it to m. 

045. Magnetic Field due to Circular Currenl 
• It is desired to find the effect of a circular currer 
/am. t in nnn.i n via nt ft, diftijnmo froi 




P, only a fraction of the Air lilies which radiate fn»m it 
will pass through the circle; the number being 
tional to the solid-angle (Art. 1*18) 
subtended at P by the circle, namely 
27r (1 - cos 0\ where 0 is the angle 
between axis and slant distance a. 

Hence in bringing up the pole to thin 
place, from an infinite distance, the 
work done by causing these lint's to 
cut across the wire carrying current C ampere-, will !«• 
(by Art. 339) 

W = SttCI (1 -eoH^/10. 

This represents the mutual energy of pole and ninvaf, 
To calculate the force at P we must dilfereuimb’ th*» 
expression with res pee. t to ;r, to ascertain f h<* mfe at nisi* h 
the mutual energy falls pen* unit length. For this pmpu 
it will he convenient to substitute for cos 0 il * valor 
%!(x 2 + y 2 )l. Substituting and differentiating we get 

Now (x 2 + y 2 )l is efpial to a n ; whence the rule that the 
magnetic force at any point P on the axis varies dmeetly 
as the current, and mvmety as the cahe of the slant lU&tamr 
(Compare case of a bur-magnet, Art. I 3*H.) 

Another way of arriving at this result is u« fnfhm«. 
Taking the expression found in Arf. :iAA f»r the mi am »d 
an element of current, we may consider the Hler! of tb* 
topmost edement of the ring (Fig. 17-1 s situ.itrd „ 
slant distance a*= f ;// y . The idementugy four »f/ 
exerted on unit-pole at P hy the element fWl\ull !*« nf 
right angles to a and to dl (in direction of the furrow), uiwl 
by Art 206, of the value 

df^Vdl/ml 




part acting at right angles to the axis, which will disappear 
hy mutually cancelling out in pairs, and part acting in 
the line of the. axis, which will lor each element he e<jual 
to the above expression multiplied hy sin 0. Bo that the 
elementary axial force due to each element of length di 
will he 

<//- . (VJ* sin Ojuktr ; 
or, since sin 0 y h, 

df ( A dl' ifjiOtt'K 

But the total force f due, to all the elements will he tin 
integral due to the sum of their lengths, and this integra' 
length annual the circle is Jill 27rf/. Whence it at onci 
follows that 

/ 27r (' ij« jioa'K 

Note that if B in pushed up to the centre of the circl 
a |/, ami we get back to the rule for tangent galvano 
meter (Art, ‘212),/— SJirO/ior. 

Also note that for very great distances of V iron 
centre a becomes sensibly equal to the force vary in, 
inversely as the rube of the axial distance. 

This allbrds one way of varying the sensitiveness c 
tangent galvanometers, the needle with its scale bein 
arranged to slide out along the axis of the coil. At 
point B, such that a . 2//, the force of coil on needle j 
only * of what it is at centre. 

340 . Moment of Circular Coil.—A circular co 
carrying a current acts as a magnet whose axis is th 
axis*of the coil. Its itvujmiic mmmt (Art. 135) will 1 
the product of the current (in absolute units) into 11) 
area enclosed. Or, if 0 is in amperes, and A the loti 
area of all the, turns, its moment will he AO/10, If sue 
a coil in plum! in a Held of intensity H it will tend 1 
turn ho as to place its axis along the direction of the fiel 

... . , , ,1 . V _ij_ /) *1 kA +' t e\ t / 


347. Potential due to a Solenoidal or Circuital ipis- 
tribution of Magnetism.—A long tliin uniformly magnetized 
magnet exhibits poles only at the two ends, and acts on external 
objects just as if there were two equal quantities of opposite kinds 
of magnetism collected at these two points. Such a distribution 
of magnetism is sometimes called solenoidal or circuital. The mag¬ 
netic potential due to a solenoid, and all its magnetic effects, 
depend only on the position of its two poles, and on their strength, 
and not on the form of the bar between them, whether straight 
or curved. In Art. 337 (c) was given the rule for finding the 
potential due to a system of poles. Suppose the two poles of a 
solenoid have strengths + m and - m respectively, and that the 
distances of these poles from an external point P are axxd *2, 
then the potential at P will be 


Vp = m 



Suppose a magnet curled round until its N and S poles touch 
one another: it will not act as a magnet on an external object, 
and will have no “field”; for if the two poles are in contact, 
their distances and r 2 to an external point P will be equal, and 


1 _ w m pe — o. 


348. Potential due to a Magnetic Shell.—Gauss demon¬ 
strated that the potential due to a magnetic shell at a point near it 
is equal to the strength of the shell multiplied by the solid-angle 
subtended by the shell at that point ; the “ strength” of a magnetic 
shell being the product of its 
thickness into its surface-density 
of magnetization. 

If oj represents the solid-angle 
subtended at the point P, and i 
the strength of the shell, then 

Vp = m. 

Proof. — To establish this 
proposition would require the 
integral calculus. But the fol¬ 
lowing geometrical demonstration, though incomplete, must here 
suffice. 

Let us consider the shell as composed, like that drawn, of a 








likewise bo conceived us made up of a number of elementary 
mnall cones, each of solid-angle u>: Let, and >\ 2 bo the distances 
Irom l* to tlio two laces of Urn element : Let a section ho made 
nerosM Urn small corns orthogonally, or at right angles to r l5 and 
call the area of this section a : Let the angle between the surfaces 
,^aud a luteal led angle : then & ^/eos ft, Let i he the 
“ strength ” of the shell (/.e. -- its surface-density of magnetism 
\ its thickness); then ijt - : surface-density of magnetism, and 
strength of either pole of the little magnet := m. 

Now .Miliil-HligUi <& "rtlio ffnnal section 

? a 

u/r 1 ; 

therefore a ter’- 5 , 

and ,v uu^/cus ft. 

Hence te /r ■■■// cos ft m. 

But tin* potential at P of the magnet whose pole is m will he 


but 



/I 1 \ 

te/ ( - I 

/. cos ft \r x r.J 

' * which we may write —— 

r, /‘.j H 


because r s and m may be made as nearly equal as we please. 
And ninec r.j r , - t cos ft 


wi 


r 

t cos ft 



t' un 


or the potential duo to the element of the shell -- the strength o 
the nhidl x tins solid-angle subtended hy the element of the shell 
Hence, if V be the sum of all the values of v for all the dillbreir 
elements, and If « \m the whole solid-angle (the sum of all tin 
small solid-angles such an c£), 


Ve — wf, 

or the potential due to a magnetic shell at a point is equal to tin 
utrtuiglh of the shell multiplied by the solid-angle subtended lr 
the whol« of the shell at that point. 

Hence m represents the work that would have to he done on o 


where the solid-angle subtended by the shell is different, the 
potential will be different, the difference of potential between P 
and Q being * 

Vq ~ Vp = i (w Q - w P )* 

If a magnet-pole whose strength is m were brought up to P, 
m times the work would have to be done, or the mutual potential 
would be = mm. 

349. Potential of a Magnet-pole on a Shell.—It is 
evident that if the shell of strength i is to be placed where it sub¬ 
tends a solid-angle u at the pole m, it would require the expendi¬ 
ture of the same amount of work to bring up the shell from an 
infinite distance on the one hand, as to bring up the magnet-pole 
from an infinite distance on the other ; hence mm represents both 
the potential of the pole on the shell and the potential of the 
shell on the pole. Now the lines of force from a pole may be 
regarded as proportional in number to the strength of the pole, 
and from a single pole they would radiate out in all directions 
equally. Therefore, if a magnet-pole was placed at P, at the apex 
of the solid-angle of a cone, the number of lines of force which 
would pass through the solid-angle would be proportional to that 
solid-angle. It is therefore convenient to regard mta as represent¬ 
ing the number of lines of force of the pole which pass through the 
shell, and we may call the number so intercepted N. Hence the 
'potential of a magnet-pole on a magnetic shell is equal to the 
strength of the shell multiplied by the number of lines of force 
(due to the magnet-pole) which pass through the shell ; or V = "Ni. 
If either the shell or the pole were moved to a point where a 
different number of lines of force were cut, then the difference of 
potential would be 

Vq - Vp = + i (N q - Np). 

To bring up a N-seeking (or + ) pole against the repelling 
force of the N-seeking face of a magnetic shell requires a positive 
amount of work to be done ; and their mutual reaction would 
enable work to be done afterwards by virtue of their position : in 
this case then the potential is +. But in moving a N-seeking 
pole up to the S-seeking face of a shell work will be done by the 
pole, for it is attracted up ; and as work done by the pole may be 
regarded as our doing negative work, the potential here will have 
a negative value. 

Again, suppose we could bring up a unit N-seeking pole against 
the repulsion of the N-seeking face of a shell of strength i, and 



the whole space around the pole, the solid-angle* it subtended 
being therefore 2w, and the potential will he + 2iri. If we had 
begun at the S-seeking face the potential at that face would be 
- 2 iri. It appears then that the potential alters its value by kiri 
on passing from one side of the shell to the other . 

There is a reaction between pole and shell similar to that 
(Art. 121) between pole and pole. 

If a N-seeking pole be brought up to the N-seeking face of a 
shell none of the lines of force of the magnet will cut the shell, but 
will be repelled out as in Fig. 72 ; whereas if a ^-seeking pole 
be brought up to the S-seeking face of a shell, large numbers of 
the lines will be run into one another ; and the pole, as a matter 
of fact, will be attracted up to the shell, where as many lines of 
force as possible are cut by the shell. We may formulate 
this action by saying that a magnetic shell and a magnet-pole 
react on one another and urge one another in such a direction 
as to make the number of lines of force that are cut by the shell a 
maximum (Maxwell’s Rule, Art. 204). Outside the attracting face 
of the shell the potential is - m, and the pole moves so as to 
make this negative quantity as great as possible, or to make the 
potential a minimum. Which is but another way of putting the 
matter as a particular case of the general proposition that bodies 
tend to move so that the energy they possess in virtue of their 
position tends to run down to a minimum. 

350. Magnetic Potential due to Current.—The proposi¬ 
tions concerning magnetic shells given in the preceding paragraphs 
derive their great importance because of the fact laid down in Art. 
203 that circuits, traversed by currents of electricity, behave like 
magnetic shells. Adopting the electromagnetic unit of current 
(Art. 353), we may at once go back to Art. 347, and take the 
theorems about magnetic shells as being also true of closed voltaic 
circuits. 

(a) Potential due to closed circuit (compare Art. 348). 

The potential V due to a closed voltaic circuit (traversed by a 
current) at a point P near it, is equal to the strength of the current 
multiplied by the solid-angle w subtended by the circuit at that 
point. If C be tbo strength of the current in electromagnetic 
units, then 

Vr = - <aO. 

(5) At a point Q, where the solid-angle subtended by the 
circuit is instead of w P , the potential will have a different 
value, the difference of potential being 

- Vp = -CK - 





(c) Mutual Potential of a Magnet-pole and a Circuit. 
—If a magnet-pole of strength m were brought up to P, m 
times as much work will be done as if the magnet-pole had been 
of unit strength, and the work would be just as great whether 
the pole m were brought up to the circuit, or the circuit up to 
the pole. Hence, the mutual potential will bo 

- mca C. 

m 

But, as in Art. 349, we may regard mw as representing the 
number of lines of force of the pole which are intercepted by and 
pass through the circuit, and we may write 1ST for that number, 
and say 

v= - car, 

or the mutual potential of a magnet-pole and a circuit is equal to 
the strength of the current multiplied by the number of the magnet- 
pole's lines of force that are intercepted by the circuity taken with 
reversed sign. 

{d) As in the case of the magnetic shell, so with the circuit, 
the value of the potential changes by AttQ from a point on one 
side of the circuit to a point just on the other side ; that is to say, 
being - 2tt0 on one side and +27rC on the other side, work equal 
to 47rC must be done in carrying a unit-pole from one side to the 
other round the outside of the circuit. The work done in thus 
threading the circuit along a path looped S times round it would 
be 4 ttSC. 

351. (e) Mutual Potential of two Circuits.—Two closed 
circuits will have a mutual potential, depending on the strengths 
of their respective currents, on their distance apart, and on their 
form, and position. If their currents be respectively C and Cf, 
and if the distance between two elements ds and ds f of the circuits 
be called r> and e the angle between the elements, it can be shown 

that their mutual potential is = - Tliis 

expression represents the work that would have to be done to 
bring up either of the circuits from an infinite distance to its 
present position near the other, and is a negative quantity if they 
attract one another. Now, suppose the strength of current in 
each circuit to he unity; their mutual potential will in that 

case b zJJ~— ds ds\ a quantity which depends purely upon the 

geometrical lorm and position of the circuits, and for which we 
may substitute the single symbol M, which we will call the 
u coefficient of mutual potential ”: we may now write the mutual 

■nnfpn+.ial rvf fho ___ n ... t nt . 


Hut we have seen in the ease of a ,singles circuit Unit wo may 
represent tin* potential between a eireuit and a unit-polo as the 
product of the ntreugth of the current - (J into tho number N of 
the magnet pole's linen of foreo intereepted by the circuit, llouce 
the?*ymbol M mud represent tlu* number of each other’s lines of 
force mutually intercepted by both circuits, if ouch carried unit 
current. If we call the two eireuit h A and B, then, when each 
runic i unit current, A intercepts M lines,of foreo belonging to B, 
and B intercept t M lines of three belonging to A. 

Now suppose both currents to run in the same (clock-wise) 
directum ; the front or S seeking face of one circuit will he 
oppo ute to the back or N -seeking face of tho other circuit, and they 
will alt met one another, and will actually do work as they approach 
<mc another, or (as the negative sign shows) negative work will he 
done in bringing up one to the other. When they have attracted 
one another up hi much us possible the e ire nits will coincide in 
direction and position us nearly an e«n ever he. Their potential 
energy will have run down to its lowest minimum, their mutual 
potential being a negative maximum, and their coellieient of 
mutual potential M having its greatest possible value. Two 
nVctiiAf, t lam, «ire a eyed no that their emffieient of mutual potential 
M shttii hare the yrentest possible eatite. This justifies Maxwell’s 
Uule (Art. 204), bemuse M represents the number of lines of 
force mutually intercepted by both circuits. And since in this 
position each circuit induces an many Hues of magnetic force as 
possible through the other, the eoejHn'eut of mutual potential Mis 
also called the Mjpteiatf of mat ml induction (Art. 454). 


I mnm X X V U. - Tim KleHrtmaynetm System of (hits 

m2. Magnetic Units. — All magnetic quantities, strength of 
pi licit, intensity of magnetisation, etc., are expressed in terms of 
lifieeiid units derived from the fundamental units of lenyth, mass, 
anti time , explained in the Note on fundamental and Derived 
r„it* (Art, 2-SO). Mont of the following units have been directly 
explained m the preceding Ikjhhoii, or In Lesson At. j the, others 
follow fi'uiii them. 

r,„V May net Dole, The unit magnetic pole is one of such 
n strength, that when placed at a distance of 1 centimetre 
(in air) from a similar pole of equal strength, repels it 
**dth a force of l dyne (Art. 111). 


mngnotic. forces, the unit of magnetic potential will be 
measured by the unit of work done on unit-pole. 

Unit JHjJmnm of Magnetic. I'otentiaL—XhiM dillbrence of 
magnetic potential oxists between two points when it 
requires the expenditure of one ay of work to bring a 
(N-seeking) unit magnetic pole from one point to the 
other against the magnetic, forces. AI agn vtom oliveforee^ 
or magnetizing power, in measured in same units an diller- 
enco of magnetic potential. 

Intensity of Magnetic, Mold in measured by the force it exerts 
upon a unit magnetic, pole : hence, 

Unit Intensity of Field is that intensity of held which nets 
on a unit (N-seeking) pole with a force of 1 dyne. The 
name of gauss has been proposed for this unit. A field 
having an intensity of (5000 lines per square centimetre 
would ho described as (I kitoga asses. 

jl lagnetie Fhu\ or total induction of magnetic, lines, is equal 
to intensity of field multiplied by area. Its unit will he 
one magnetic line. 

Magnetic, .'Reluctance (see Art. .17(5) is the ratio of magneto• 
motive-force to magnetic (lux. Unit reluctance will be 
such that unit maguetomotive-ibree generates in it a (lux 
of one line. 

353. Electromagnetic Units. - -The preceding magnetic 
units give rise to the following set of electrical units, in which 
the strength of currents, etc., are expressed in, magnetic measure. 
They are sometimes called “ absolute U.U.H," units. The relation 
of this “ electromagnetic ” set of units to the “ electrostatic ” set 
of units of Art. is explained in Art. 350. 

Unit Strength of <Utrrenl, ^ A current has unit strength when 
one centimetre length of its circuit bout into an arc. of 
ono centimetre, radius (ho ns to he always one centimetre 
away from the magnet-pole) exerts a force of one dyne 
on a unit magnet-pole placed at the coulee (Art 207). 

Unit of I) [fere nee of Potential (av of Fleet round i enforce). 
Potential is work done on a unit, of electricity ; hence 
unit difference of potential exists between two points 
when it requires the expenditure of one erg of work to 
bring a unit of *1 electricity from one point to the other 
against the electric, force. Also, unit electromotive 
force is generated by cutting one magnetic line per 
second. 
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Unit of Quantity of Electricity is that quantity which is con¬ 
veyed by unit current in one second. 

Unit of Capacity. —Unit capacity requires unit quantity to 
charge it to unit potential. 

Unit of Induction. —Unit induction is such that unit electro¬ 
motive-force is induced by the variation of the current at 
the rate of one unit of current per second. 

354. Practical Units and Standards.* —Several of the 
above “absolute'’ units in the (J.G.S. system would be incon¬ 
veniently large and others inconveniently small for practical use. 
The following are therefore chosen as practical units : - 

Jtesistancc. —The Ohm, = 10 9 absolute units of resistance 
(and theoretically the resistance represented by the 
velocity of one earth-quadrant per second, see Art. 357), 
but actually represented by the resistance of a uniform 
column of mercury 106*3 centimetres long and 14*4521 
grammes in mass, at 0° 0. Such a column of mercury is 
represented by a “standard” ohm (see Appendix B). 

Current. — The Ampere (formerly called the “ weher ”), 
= 10" ;i absolute units ; practically represented by the 
current which deposits silver at the rate of 0*001118 
gramme per second (see Appendix B), 

Electromotive force. — The Volt, ~ 10 8 absolute units, is that 
E.M.F. which applied to 1 ohm will produce in it a 
current of 1 ampere ; being \ 2^2 <>f the 14. M.F. of a 
Glark standard cell at 15° O. (See Appendix 0.) 

Quantity. —The Coulomb, =1 O'”" 1 absolute units of quantity; 
being the quantity of electricity conveyed by 1 ampere 
in one second. 

Capacity. — The Farad, =10“° (or one one - thousand- 
millionth) of absolute unit of capacity; being the capacity 
of a condenser such as to he changed to a potential of 
1 volt by 1 coulomb. The microfarad or millionth part 

i (•*.1 _ i A — lfl ..j . ;j . 


tinder a pressure of 1 volt- It is equal to 1 joule per 
second, and is approximately ytk 01ie horse-power. 

Induction. —The Henry, =10 9 absolute units of induction, 
is the induction, in a circuit when the electromotive-force 
induced in this circuit is 1 volt, while the inducing 
current varies at the rate of 1 ampere per second. 

Seeing, however, that quantities a million times as great as 
some of these, and a million times as small as some, have to he 
measured by electricians, the prefixes mega- and micro- are 
sometimes used to signify respectively “one million” and “one- 
millionth part.” Thus a megohm is a resistance of one million 
ohms, a microfarad a capacity of J q ^q q q of a farad, etc. The 
prefix kilo- is used for “one thousand,” and milli- for “one- 
thousandth part” ; thus a kilowatt is 1000 watts, and milli* ampere 
is the thousandth part of 1 ampere. 

The ‘ £ practical ” system may he regarded as a system of units 
derived not from the fundamental units of centimetre , gramme , 
and second , hut from a system in which, while the unit of time 
remains the second, the units of length and mass are respectively 
the earth-quadrant and lO' 11 gramme. 

355. Use of Index Notation.—Seeing that electricians have to 

deal with quantities requiring in some cases very large numbers, 
and in other cases very small numbers, to express them, a system 
of index notation is adopted, in order to obviate the use of long 
rows of ciphers. In this system the significant figures only of a 
quantity are put down, the ciphers at the end, or (in the case of a 
long decimal) at the beginning, being indicated by an index 
written above. Accordingly, we may write a thousand 

(=10 x 10 x 10) as 10 3 , and the quantity 42,000 may he 
written 42 x IQ 3 . The British. National Debt of £770,000,000 
may be written £77 x 10 7 . Fractional quantities will have 
negative indices when written as exponents. Thus (=0*01) 
= 1 — 10 -r 10 = 10~-. And so the decimal 0*00028 will he 
written 28 x 10~ 5 (being = 28 x *00001). The convenience of this 
method will he seen by an example or two on electricity. The 
electrostatic capacity of the earth is 630,000,000 times that of a 
sphere of one centimetre radius, = 63 x 10 7 (electrostatic) units. 
The resistance of selenium is about 40,000,000,000, or 4 xlO 10 
times as great as that of copper ; that of air is about 10 26 , or 

100,000,000,000,000,000,000,000,000 

times as great. The velocity of light is about 30,000,000,000 
centimetres per second, or 3 x 10 10 . 

356. Dimensions of Magnetic and Electromagnetic 
Units.—The fundamental idea of “dimensions” is explained in 


Art. 284. A little consideration will enable the student to dot! 
for himself the following table; 


I'NI't 


n 


(M tv indie .) 

Strength of polo 
Quantity of magnetism 

Magnotie, Potential 
Intensity of Field 
Magnetie Flux 
Ue.luetunee 


\7 Imre x (<liHl:uie<’)‘! 

work : strength of polo 
foree : strength of pole 
intensity x mvu 
llux : mag. potential 


1\ 

ft 

M 

M 


(AVer tnnmujneik .) 

(kirreni (strength) 

Quantity 

Potential 

Hleetromotive-ibrce 

UeBintaneu 

Capacity 

Power 

Belf-Induction ) 
Mutual Imiuetiou \ 


intensity of lltdd x length 
current x time 

work %■* quantity 

H. M.F. I current 
quantity -P potential 
current v potential 

M.M.P. I current per nee. 


367. Resistance expressed as a’Velocity. — It will bo s 
on reference to the above table of “ Dimensions” of oleutromagn 
units, that the dimensions of resistance are given an LT~ l , w] 
are the Kame dimensions (nee Art. 284) as those of a veloc 
lOvery resistance is capable of being expressed as a velocity, 
following considerations may ushist the student in form in 
physical concept ion of this. Suppose we liuve a circuit e 
posed of two horizontal rails (Fig. 178), <‘H and I>T, 1 coal 
apart, joined at. CD, and completed by means of a sliding \ 
AH. Let this variable circuit i>e placed in a uniform magi 
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of additional lines of force embraced by the circuit will increase at 
the rate n per second ; or, in other words, there will be an induced 
electromotive-force (Art. 225) impressed upon the circuit, which 
will cause a current to flow through the slider from A to B. Let 
the rails have no resistance, then the strength of the current will 
depend on the resistance of AB. Now let AB move at such a 



rate that the current shall be of unit strength. If its resistance 
be one “ absolute ” (electromagnetic) unit it need only move at the 
rate of 1 centim. per second. If its resistance be greater it must 
move with a proportionately greater velocity ; the velocity at which 
it must move to keep up a current of unit strength being numeri¬ 
cally equal to its resistance. The resistance known as “ one ohm ” 
is intended to be 10 9 absolute electromagnetic units , and therefore 
is represented by a velocity of 10 9 centimetres, or ten million metres 
(one earth-quadrant) per second. 

358. Evaluation of the Ohm.—The system of “practical ” 
units was originally devised by a committee of the British Associa¬ 
tion, who also determined the value of the “ ohm” by experiment 
in 1863, and constructed standard resistance coils of German-silver, 
called “B.A. Units” or “ohms.” 

There are several ways of measuring the absolute value of the 
resistance of a wire. One method (Joule’s) is to measure the heat 
produced in it by a known current and calculate its resistance by 
Joule’s law (Art. 427). Another method (Weber’s) is to measure 
in absolute units the current that is sent through the wire by an 
electromotive-force which is also measured in some absolute way. 
The ratio of the latter to the former gives the value of the resist¬ 
ance. Weber’s method involved spinning a coil in a magnetic 
field which would generate alternate currents. Kohlrausch used 
an induction coil to generate the E.M.F. Lorenz proposed a 
method in which a disk was spun. Foster a zero method in which 
the E.M.F. in the spinning coil was balanced. Lord Kelvin nr - 






pivoted about a vertical axis, as in Fig. 177, was made to rotal 
very rapidly and uniformly. Such a ring in rotating cuts tlie line 
of force of the earth’s magnetism. The northern half of the ring 
in moving from west toward east, will have (see Rule, Art. 225) a 
upward current induced in it, while the southern half, in crossin 
from east toward west, will have a downward current induced in il 
Hence the rotating ring will, as it spins, act as its own galvaiu 
meter if a small magnet be hung at its middle ; the magnetic effei 
due to the rotating coil being proportional directly to the horizontj 
component of the earth’s magnetism, to the velocity of rotatior 

and to the number of turns < 
wire in the coil, and inversel 
proportional to the resistant 
of the wire of the coils. Hen a 
all the otherdata being knowi 
the resistance can be calculate! 
and measured as a velocity 
The earliest ohms or B. /, 
'units were constructed 1: 
comparison with this rotatii: 
coil; but there being son 
doubt as to whether the Ibi 
unit really represented 1( 
centims. per second, a rodete 
mination of the ohm was siq 
gested in 1880 by the Britifi 
Association Committee. At the lirst International Congress ■ 
Electricians in Baris 1881, the project for a redetermination ■ 
the ohm was endorsed, and it was also agreed that the practic 
standards should no longer be constructed in German-ailv< 
wire, hut that they should be made upon the plan original 
suggested by Siemens, by defining the practical ohm as tl 
resistance of a column of pure mercury of a certain length, ai: 
of one millimetre of cross-section. The original “ Siemens’ unit 
was a column of mercury one metre in length, and one squa: 
millimetre in section, and was rather less than an ohm (0'954 
B.A. unit). Acting oil measurements made by leading pliysicis 
of Europe, the Paris Congress of 1884 decided that the merem 
column representing the “legal” ohm should be 106 centimotr 
in length. This was, however, never legalized in this country ■ 
in America, as it was known to be incorrect. Lord Rayleigh 
determination gave 106 *21 centimetres of mercury, as representii 
the true theoretical ohm( = 10 9 absolute units) ; and Rowland 

rlafArminafirma of flfilfimnrA AfimA filior7if.lv liio-liAr TIia T-trifi 




decided finally as the international ohm by the Congress of Chicago 
in 1893. These international units are now legalized in Eng¬ 
land and the United States. The order signed by Her Majesty in 
Council and issued through the Board of Trade is given in Appen¬ 
dix B. 

The old B.A. unit is only 0*9863 of the true ohm ; the Siemens’ 
unit is only 0*9408. 

359. Ratio of the Electrostatic to the Electromagnetic 
Units. —If the student will compare the Table of Dimensions of 
Electrostatic Units of Art. 283 with that of the Dimensions of 
Electromagnetic Units of Art. 356, he will observe that the dimen¬ 
sions assigned to similar units are different in the two systems. 
Thus, the dimensions of “Quantity” in electrostatic measure 
are M's T -1 , and in electromagnetic measure they are M-L' 2 * 
Dividing the former by the latter we get LT~\ a quantity which 
we at once see is of the nature of a velocity. This velocity occurs 
in every case in the ratio of the electrostatic to the electromagnetic 
measure of every unit. It is a definite concrete velocity, and 
represents that velocity at which two electrified particles must 
travel along side by side in order that their mutual electromagnetic 
attraction (considered as equivalent in so moving (Art. 397) to 
two parallel currents) shall just equal their mutual electrostatic 
repulsion (see Art. 260). This velocity, tl v,” which is of enormous 
importance in the electromagnetic theory of light (Art. 518), has been 
measured in several ways. 


Unit. 

Electrostatic. 

E LEGTROM AGNETIC. 

Ratio. 

Quantity . 
Potential . 
Capacity . 
Resistance . 

Sli ii T -1 
Mi Li T- 1 

L 

L -1 T 

M*j L'* T~- 
L“ 2 T 2 

L T" 1 

LT" 1 = v 
L” 1 T =l/v 

JJ2 T -2 = , y 2 

L“ 2 T 2 =l/u 2 


(a) Weber and Kolilrausch measured the electrostatic unit of 
quantity and compared it with the electromagnetic unit of quantity, 
and found the ratio v to be = 3*1074 x 10 l ° centims. per second. 
(&) Lord Kelvin compared the two units of potential and found 

= 2*825 x 10 10 , 


v 



((') Professor Plrrk Maxwell balanced a force of electrostatic 
attraction against one of electromagnetic repulsion, and found 

o ~ 2*88 x 10 1() . 

(<l) Professors Ayrton ami Perry measured the capacity of a 
condenser elcutromagnetieally by discharging it into a ballistic 
galvanometer, and electrostatically by calculations from its size 
and found 

r .'-2*980 x 10 10 . 

The, edacity a/ lujht according to latest values is— 

= 2-9992 x 10 10 ; 

ho we take p as 3 x 10 10 , or thirty thousand million, centimetres per 
second. 

800. Rationalization of Dimensions of Units. — It seems 
absurd that there should be two different units of electricity ; still 
more absurd that one unit should he thirty thousand million centi¬ 
metres per second greater than the other. It also seems absurd 
that the dimensions of a unit of electricity should have fractional 
powers, since such quantities as and lJ are meaningless. 
These irrational things arise from the neglect to take account of 
the properties of the medium in applying the law of inverse 
squares to form definitions of the unit of electricity in the 
electrostatic system, ami of t-lte unit-polo in the magnetic system. 
If we were to insert the dielectric constant k in the former, and the 
permeability y in the latter, we might, if we knew the dimensions 
of these quantities, be able to rationalize the dimensional formulae 
But we do not know their dimensions. Hi inker has, however, shown 
that they can be rationalized, and the two sets of units brought 
into agreement.,* by assuming that the product ky has the dimen¬ 
sions of the reciprocal of the square of a velocity: orv = l /\J]7j!. 
If k were the reciprocal of the rigidity of the ether, and y its 
density, v would represent the velocity of propagation of waves in 
it. Compare Art. 518 on electromagnetic theory of light. 

801. Harth’a Magnetic Force in Absolute Units.— 
In making absolute determinations of current by the tangent 
galvanometer, or of electromotive-force by the spinning coil, it is 
needful to knbw the absolute value of the earth’s magnetic hold, 
or of its horizontal component. The intensity of the earth’s 
magnetic force at any place Is the force with which a magnet-polo 
of unit strength is attracted. Ah explained in Art. 158, it is usual 
to measure the horizontal component H of this force, and from this 





difficulties. To determine H in absolute (or C.U.H.) units, H H 
necessary to make two observations with umngnetofmngueticimtmriH 
M (Art. 135). In one of those observations the product Mil ut 
determined by a method of oscillations (Art. 133); in the **>r*»nd 
M 

the quotient == is determined by a particular indhsi t*f tU'jhdvn 

XX 

(Art. 138). The square root of the quantity obtained by dividing 
the former by the latter will, of course, give H. 

(i.) Determination of MH.—The time T of a complete oscilla¬ 
tion to and fro of a magnetic bar is 

K - 

T-2tt V mh’ 

where K is the “moment of inertia ” of the magnet. Thh formula 
is, however, only true for very small area of vihmiiun. Jty 
simple algebra it follows that 



Of these quantities T is ascertained by a direct ob,wrvathm of 
the time of oscillation of the magnet hung by a (orshmic»i flhto , 
and K can be either determined experimentally or by urn* of the 
following formula!:— 


For a round bar 


For a rectangular bar 


/*• i &*\ 

\W ) 


where w is the mass of the bar In grammes, / fin length* #i lf« 
radius (ifround), bits breadth, measured horizontally tif reetaugulur). 

(ii.) Determination of g.—The magnet In next caused lu 

deflect a small magnetic needle in the following manner, ** hmmUulv 
on. The magnet is laid horizontally at right mfim p. «f lr . 
magnetic meridian, and so that its middle point In (nmgm'Undli | 
due south or due north of the small needle, ami at a di*tanr/« 
from its centre. Lying thus broadside to the small needle Hi 
N-pole will repel, and its S-polc attract, tint K-md# of the itwnfK 

A°,“ trwy ,,n th « «r th« 

tJ,i ,lf al . a , 0tl0U , 0ftl ‘° “I"" 1 tlln wilt Iw t« .iBftwl 

thehtter through an angle 5, whose tangent in dirmtly projurttus**) 


to ana inversely proportional to tlio culm of tbo dltUaro , ; 


Dividing the former equation by this, and taking the square root, 
we get 


H = / K 

T / V rHantf’ 


Lesson XXYIII. — Properties of Iron and Steel 

302. Magnetization of Iron.—When a piece of 
magnetizable metal is placed in a magnetic field, some of 
the lines of magnetic force run through it and magnetize 
it. The intensity of its magnetization will depend upon 
the intensity of the field into which it is put and upon 
the metal itself. There are two ways of looking at the 
matter, each of which has its advantages. We may think 
about the internal condition of the piece of metal, and 
of the number of magnetic lines that are running through 
it and emerging from it into the surrounding space. This 
is the modern way. Or we may think of the magnetism 
of the iron or other metal as something resident on the 
polar surfaces, and expressed therefore in units of magnet¬ 
ism. This is the old way. The fact that soft iron placed 
in the magnetic field becomes highly magnetic may then 
be expressed in the following two ways : (1) when iron 
is placed in the magnetic field, the magnetic lines run in 
greater quantities through the space now occupied by iron, 
for iron is ver y permeable to the lines of magnetic induction, 
being a good conductor of the magnetic lines ; (2) iron 
when placed in the magnetic field develops strong poles 
on its end-surfaces, being highly susceptible to magnetiza¬ 
tion. Each of these ideas may be rendered exact by the 
introduction of appropriate coefficients. 

303. Permeability. — The precise notion now 
attached to this word is that of a numerical coefficient. 

Suppose a magnetic force—due, let us say, to the circula¬ 
rs^*. ^ -X. • - __ T 


number of magnetic lines in that space. In fact, tlie 
intensity of the magnetic force, symbolized by the letter 
H, is often expressed by saying that it would produce H 
magnetic lines per square centimetre in air. Now, owing 
to the superior magnetic power of iron, if the space 
subjected to this magnetic force were filled with iron 
instead of air, there would be produced a larger number 
of magnetic lines per square centimetre. This larger 
number expresses the degree of magnetization * or density 
of the magnetic flux in the iron ; it is symbolized by the 
letter B. The ratio of B to H expresses the permeability 
of the material. The usual symbol for the permeability 
is the Greek letter //.. So we may say that the'flux- 
density B is equal to //. times the magnetic force H, or 

fi = B/H. 

For example, a certain specimen of iron, when subjected 
to a magnetic force capable of creating, in air, 50 mag¬ 
netic lines to the square centimetre, was found to be 
permeated by no fewer than 16,062 magnetic lines per 
square centimetre. Dividing the latter figure by the 
former gives as the value of the permeability at this 
stage of the magnetization 321, or the permeability of 
the iron is 321 times that of air. 

The permeability is always positive : for empty space 
it is 1, for air it is practically 1 ; for magnetic materials 
it is greater than 1, for diamagnetic materials it is slightly 
less than 1. In air, etc., B = H. 

Where the magnetic lines emerge into the air at a 
polar surface they are of course continuous with the 
internal lines: the value of B just inside the polar surface 
is the same as that of B in the air just outside it. 

The permeability of such non-magnetic materials as 

* The actual number of magnetic lines that ran through unit area of 
cross-section in the iron or other material-—denoted by the symbol B—is 
called by severalnames— “the permeation,” “the internal magnetization,” 



silk, cotton, and other insulators, also of brass, copper, and 
all the non-magnetic metals, is taken at 1, being practically 
the same as that of the air. 

This mode of expressing the facts is, however, com¬ 
plicated by the fact of the tendency in all kinds of iron 
to magnetic saturation. In all kinds of iron the mag- 
netizability of the material becomes diminished as the 
actual magnetization is pushed further. In' other words, 
when a piece of iron has been magnetized up to a certain 
degree, it becomes, from that degree onward, less permeable 
to further magnetization, and though actual saturation is 
never reached, there is a practical limit beyond which it 
cannot well be pushed. Joule discovered this tendency 
to a limit. The practical limit of B in good wrought 
iron is about 20,000 lines per square centimetre, or in 
cast iron about 12,000. Using extraordinary magnetizing 
forces, Ewing has found it possible to increase B to 45,000, 
and Du Bois has reached 60,000 lines per square centi¬ 
metre. Manganese steel is curiously non - magnetic : 
Hopkinson found 310 as the maximum flux-density B. 

304. Curves of Magnetization.—A convenient 


mode of studying the magnetic facts respecting any 
B particular brand of iron is to 

,eooo -t- plot on a diagram the curve 

of magnetization — i.e. the 
■" cur ve in which the values, 
sooo- ■ /- , D plotted horizontally, represent 

/ j the magnetic force H, and the 

* 000 ' i ’ “ J values plotted vertically those 

I ! H that correspond to the respec- 

o 5 »o 20 30 40 oo tive magnetization B. In Fig. 

lg ' * 178, which is modified from 

the researches of Ewing, are given five curves relating 
to soft iron, hardened iron, annealed steel, hard-drawn 
steel, and glass-hard steel. It will be noticed that all 
these curves have the same general form, and that there 


20 30 40 00 



B arc small, and as H is increased B increases gradually. 
(2) The curve rises very suddenly, at least with all the 
softer sorts of iron. (3) The curve then bonds over and 
becomes nearly horizontal, B increasing very slowly. 
When the magnetization is in the stage below the bend 
of the curve, the iron is said to be far from the state of 
saturation. But when the magnetization has been pushed 
beyond the bend of the curve into the third stage, the 
iron is said to be approaching saturation, because at this 
stage of magnetization it requires a large increase in the 
magnetizing force to produce even a very small increase 
in the magnetization. It will be noted that for soft 
wrought iron the stage of approaching saturation sets in 
when B has attained the value of about 1 0,000, or when 
H has been raised to about 50. The student is strongly 
advised to plot for himself similar curves from the sub¬ 
joined table, which relates to (he permeabilities of some 
samples of iron examined by Hopkinson. 


Annealed Whowuht Ikon. 

UUKV (Urn* lUON, 

B 

h 

H 

B 

ft. 

H 

5,000 

3000 

1*00 

4,000 

800 

5 

9,000 

2250 

4 

5,000 

500 

10 

10,000 

2000 

5 

0,000 

370 

21 *5 

11,000 

1092 

0*5 

7,000 

m 

•12 

12,000 

1412 

8*5 

8,000 

100 

80 

13,000 

1083 

12 

9,000 

71 

127 

14,000 

823 

17 

10,000 

53 

188 

15,000 

528 

! 28*5 

31,000 

87 

292 

10,000 

820 

50 




17,000 

101 

105 




18,000 

90 

200 




19,000 

54 

850 




20,000 

30 

000 






tion, in moderately weak fields where H is less than 
about 5, the permeability has enormous values. But 
for values of H less than about 0*5 the permeability is 
quite small, usually about 300. 

The three stages observed in the magnetization are 
explained in Ewing’s molecular theory (Art. 127). 

If iron is compressed its permeability decreases; if 
subjected to tensile stress it is increased, provided the 
field is not too intense. Villari found that beyond a 
certain intensity tension diminishes the permeability. 

365. Susceptibility.—Suppose a magnet to have 
m units of magnetism on each pole ; then if the length 
between its poles is l, the product ml is called its magnetic 
moment , and the magnetic moment divided by its volume 
is called its intensity of magnetization; this term being 
intended, though based on surface-unit of pole strength, 
to convey an idea as to the internal magnetic state. 
Seeing that volume is the product of sectional area into 
length, it follows that if any piece of iron or isteel of 
uniform section had its surface magnetism situated on its 
ends only, its intensity of magnetization would be equal 
to the strength of pole divided by the area of end surface. 
"Writing I for the intensity of magnetization we should 
have 

I — mag, moment _ onxl __ w 
volume sxl~~ s 

Now, supposing this intensity of magnetization were 
due to the iron having been put into a magnetic field of 
intensity H, the ratio between the resulting intensity of 
magnetization I and the magnetizing force H producing 
it is expressible by a numerical coefficient of magnetization, 
or susceptibility , k. We may write 

i=m, 

or /c=*I/H. 



magnetic line in the field there will he k units of 
magnetism on the end surface. In magnetic substances 
such as iron, steel, nickel, etc., the susceptibility k has 
positive values; but there are many substances such as 
bismuth, copper, mercury, etc., which possess feeble 
negative coefficients. These latter are termed ££ diamag¬ 
netic 53 bodies (Art. 369) and are apparently repelled by 
the poles of magnets. It was shown at end of Art. 338 
that there are 47r magnetic lines proceeding from each 
unit of pole magnetism. Hence if, as shown above, each 
line of force of the magnetising field produces Jc units of 
magnetism there will be 47r& lines added by the iron to 
each 1 line in the field, or the permeability of the iron 
H is equal to 1 + It follows that B = H + 47T&H. 
This shows that B may go on increasing as long as H is 
increased, having no true limit. But since k decreases as 
saturation sets in, the surface magnetization I (or B — H 
to which it is proportional) may have a true limit. This 
maximum of B — H appears to be about 21,360 in 
wrought iron, 15,580 in cast iron, and 5660 in nickel. 

In the following table are given some figures from the 
researches of Bidwell on wrought iron. 


H 

h 

I 

H- 

B 

a *9 

151*0 

587 

1899*1 

7390 

10*3 

89*1 

918 

1121*4 

11550 

40- 

30*7 

1226 

386*4 

15460 

115* 

11*9 

1370 

150*7 

17330 

208* 

7*0 

1452 

88*8 

18470 

427* 

3*5 

1504 

45*3 

19330 

585* 

2*6 

i 1530 

1 

33*9 

19820 


Everett has calculated (from Gauss’s observations) that 
the intensity of magnetization of the earth is only 0*0790, 

/-i-nltr 1 nf Ttrln of -i 4- "K/% i f .aUa a 


wholly iron. In weak magnetic fields the susceptibility 
of nickel exceeds by about live times that of iron ; but in 
strong fields iron is more susceptible. 

306. Measurement of Permeability. —There are 
several ways of measuring the permeability of iron: they 
all involve a measurement of B. 

(a) Magnetometer Methods. —The pole strength of long 
bars, when magnetized by a coil around them, can be 
measured by a magnetometer (Art. 138), and from this N 
is found by multiplying by 47r. 

(h) Induction Methods. —Rings of iron which, having 
no poles, cannot he measured by the magnetometer are 
measured inductively. Upon the ring is wound a 
magnetizing coil, and also an exploring coil (Art. 232) 
which is connected to a ballistic galvanometer. On 
turning on or off the magnetizing current, or reversing 
it, induced currents are generated, giving a throw in the 
galvanometer proportional to the number of magnetic 
lines which have been made or destroyed. Iron rods can 
be examined by the same means. 

(e) Traction Methods. —The pull needed to separate the 
two halves of a divided rod, or divided ring, is (Art. 384) 
proportional to the square of B. Bidwell and others have 
used this for measuring permeability. 

(d) Optical Methods. —Du Bois ban \ised a method 
based on Kerr’s discovery (Art. 527) of magneto-optic 
rotation. 

307. Besi&ual Effects. — The retention of mag¬ 
netism by steel, lodestone, hard iron, and even by soft 
iron if of elongated shape, has been already described 
(Art. 98). Some other residual effects must now be 
noted. It is found that if a new piece of iron or steel is 
subjected to an increasing magnetizing force, and then 
the magnetizing force is decreased to zero, some magnetism 
remains. If the results are plotted out in a curve it 
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If when the curve lias risen to co (Fig. 179) H is now 
decreased, the descending curve does not follow the 
ascending curve, owing to the retention of the magnetism. 
When H has been reduced to 
reached. This the residual value 
of B is called the remanence, and 
depends on the material, and on 
the degree to which B was pre¬ 
viously pushed. If now a re¬ 
versed magnetizing force - H is 
applied it is found that it must 
be increased to a definite de¬ 
gree in order to demagnetize the 
iron and bring the curve down 
to c. The amount of reversed 
magnetic force so needed is a 
measure of the retentivity of the 
material, and is known as the 
coercive force. In hard steel it may amount to 100; in 
soft steel to 20; in soft iron to 2 or less. If the reversed 
magnetizing force is further increased, the curve descends 
from c to d, the iron becoming magnetized with reversed 
polarity, and going toward saturation. On then dimin¬ 
ishing the reversed force to zero, the curve turns to e } 
showing a negative remanence. Oil again increasing H as 
at first the curve ascends to /, and as the former value 
of H is reached comes up to a again. 

368. Cycles of Magnetization. Hysteresis.— 
When H is thus carried through a cycle of increase and 
decrease, B also goes through a cycle; and as we have 
seen there is a lagging in the magnetization, evidenced in 
Fig. 179 by the formation of a closed loop in the curve. 
Warburg and Ewing, who have fully investigated the 
phenomenon, have remarked that the area enclosed 
indicates the waste of energy in the cycle of operations. 
In hard steel the areas of these loops are much wider 
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Fig. 179. 





of Hysteresis to tlic subject of the lag of magnetic 
effects behind their causes. From his researches * also is 
taken the case of Fig. 1 BO, a specimen of soft iron, the 
curve for which shows various loops. Ewing has devised 
a curve-tracer for recording the curves automatically. The 

waste of energy per cubic 
centimetre in a cycle of 
strong magnetization may 
vary from 9000 ergs in 
annealed iron to 200,000 
in glass-hard steel. If (as 
in the iron cores of alternate 
current transformers) the 
cycle is repeated 100 times 
a second the waste of power 
hy hysteresis may heat the 
iron ; and it increases 
greatly with the frequency 
and with the degree to 
which the magnetization 
is pushed. If B does not 
exceed 5000, the power 
wasted at 100 cycles per 
second in every cubic foot 
of iron may be as low as 
575 watts, but if B is increased to 10,000 the waste 
becomes 1560 watts. 

Since a smaller reversed force suffices to destroy mag¬ 
netization than was required to produce it, all that is 
necessary in order to completely demagnetize iron is to 
subject it to a series of cycles of diminishing intensity. 

Mechanical agitation tends to htdp the magnetizing 
forces to act, and lessens all residual and hysteresial 
effects. 

Ewimr hnw hi ho tthown that under constant mamietizinfr 





force the magnetism will go on slowly and slightly 
increasing for a long time: this is called magnetic creeping , 
or viscous hysteresis. 


Lesson XXIX .—Diamagnetism 

369. Diamagnetic Experiments. — In 17*78 
Brugmans of Leyden observed that when a lump of 
bismuth was held near either pole of a magnet needle it 
repelled it. In 1827 Le Baillif and Becquerel observed 
that the metal antimony also could repel and be repelled 
by the pole of a magnet. In 1845 Faraday, using power¬ 
ful electromagnets, examined the magnetic properties of a 
large number of substances, and found that whilst a great 
many are, like iron, attracted to a magnet, others are 
feebly repelled. To distinguish between these two classes 
of bodies, he termed those which are attracted paramag¬ 
netic,* and those which are repelled diamagnetic. 
The property of being thus apparently repelled from a 
magnet he termed diamagnetism. 

Faraday’s method of experiment consisted in suspend¬ 
ing a small bar of the substance in 
a powerful magnetic field between 
the two poles of an electromagnet, 
and observing whether the small 
bar was attracted into an axial 
position, as in Fig. 181, with its 
length along the line joining the 
two poles, or whether it was re¬ 
pelled into an equatorial position, 
at right angles to the line joining 
the poles, across the lines of force 
of the field, as is shown by the position of the small bar 
in Fig. 182, suspended between the poles of an electro¬ 
magnet constructed on RuhmkorfF’s pattern. 




370, Results.— 1 TV, following are the principal sub¬ 
stances examined by the method : — 
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Iron 

Nickel 

Cobalt 

Manganese 

Chromium 

Cerium 

Titanium 

Platinum * 

Many ores and salts 
containing the 
above metals 
Oxygen gas 
Oxygen liquid 


bismuth 

Phosphorus 

Antimony 

Thallium 

tfinc 

Mercury 

Uuul 

Hilvcr 

Copper 

Cold 

Water 

Alcohol 

Tellurium 






Liquids were placed in glass vessels and suspended 
between the poles of the electromagnet. Almost all 
liquids are diamagnetic, except solutions of salts of the 
magnetic metals, some of which are feebly magnetic ; but 
blood is diamagnetic though it contains iron. To examine 
gases bubbles are blown with them, and watched as to 
whether they were drawn into or pushed out of the field. 
Oxygen gas was found to be magnetic ; ozone has been 
found to be still more strongly so. Dewar has found 
liquid oxygen sufficiently magnetic to rush in drops to the 
poles of a powerful magnet. 

The diamagnetic properties of substances may bo 
numerically expressed in terms of their 7 mrmeabUity or 
their susceptibility (Arts. 303 and 305). For diamagnetic 
bodies the permeability is less than unity. For bismuth 
the value of /x is 0*999900. The repulsion of bismuth is 
immensely feebler than the attraction of iron. PI ticker 
estimated the relative magnetic powers of equal weights of 
substances as follows :— 

Iron -f- 1,000,000 


Lodostone Ore + 402,270 

Ferric Sulphate + 1,110 

Ferrose Sulphate 4- 780 

Water - 7 *8 

Bismuth - 28*0 


371. Apparent Diamagnetism due to sur¬ 
rounding Medium,—It is found that feebly magnetic 
bodies behave as if they were diamagnetic when suspended 
in a more highly magnetic fluid. A small glass tube 
filled with a weak solution of ferric chloride, when sus¬ 
pended in air between the poles of an electromagnet, 
points axially, or is paramagnetic,; but if it be surrounded 
by a stronger (and therefore more magnetic) solution of 
the same substance, it points equatorially, and is ap 
parently repelled like diamagnetic bodies. All that the 



A balloon, though it possesses mass and weight, rises 
through the air in obedience to the law of gravity, because 
the medium surrounding if is more attracted than it is. 
But it is found that diamagnetic repulsion takes place even 
in a vacuum : hence it would appear that the ether of 
space itself in more magnetic than the substances classed 
as diamagnetic. 

372, Diamagnetic Polarity.— At one time Faraday 
thought that diamagnetic repulsion could he explained 
on the supposition that there existed a “ diamagnetic 
polarity ” the reverse of the ordinary magnetic polarity. 
According to this view, which, however, Faraday hiniseli 
quite aluutdoned, a magnet, when its N-polo is presented 
to the end of a bar of bismuth, indue.es in that end a 
N-pole (the reverse of what it would induce in a bar oi 
iron or other magnetic metal), and therefore repels it, 
Weber adopted this view, and Tyndall warmly advocated 
it, especially after discovering that the repelling diamag¬ 
netic. force varies as the square of the magnetic powei 
employed. It has even been suggested that when a 
diamagnetic har lies cquatorially across a field of force, ite 
east and west poles possess different properties. The 
experiments named above suggest, however, an explanation 
less difficult to reconcile with the facts. It lias been 
|wanted out (Art. 3(13) that the degree to which mag- 
actuation goes on in a medium depends upon the magnetic 
permeability of that medium. Now, permeability ex- 
prewitis the numtar of magnetic lines induced in the 
medium for every line of magnetizing force applied. A 
certain magnetizing force applied to a space containing ail 
or vacuum would induce a certain number of magnetic 
lines through it. If the space considered were occupied 
by a paramagnetic substance it would concentrate the 
magnetic lines into itself, as the sphere does in Fig. 183 
But if the snhe *e were of a permeability less than 1, tin 



bismuth, the same magnetizing-force -would induce in the 
bismuth fewer magnetic lines than in a vacuum. But 
those lines which were induced 
would still run in the same 
general direction as in the 
vacuum; not in the opposite 
direction, , as Weber and Tyndall 
maintained. The result of 
there being a less induction 
through diamagnetic sub¬ 
stances can be shown to be that such substances will 
be urged from places where the magnetic force is strong 
to places where it is weaker. 
This is why a ball of bismuth 
moves away from a magnet, 
and why a little bar of bismuth 
between the conical poles of 
the electromagnet (Fig. 182) 
turns equatorially so as to put 
its ends into the regions that 
are magnetically weaker. There is no reason to doubt 
that in a magnetic field of uniform strength a bar of 
bismuth would point along the lines of induction. 

373. Magne-Orystallio Action.—In 1822 Poisson 
predicted that a body possessing crystalline structure 
would, if magnetic at all, have different magnetic powers 
in different directions. In 1847 Pliicker discovered that 
a piece of tourmaline, which is itself feebly paramagnetic, 
behaved as a diamagnetic body when so hung that the 
axis of the crystal was horizontal. Faraday, repeating the 
experiment with a crystal of bismuth, found that it 
tended to point with its axis of crystallization along the 
lines of the field axially. The magnetic force acting thus 
upon crystals by virtue of their possessing a certain 
structure he named magne - crystallic force . Pliicker 
endeavoured to connect the maene-crvstallic behaviour of 
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law : there will he either repulsion or attraction of the 
optic ax in (or, in tin* cn.se of bi-axiul crystals, of both optic 
axes) by tin*, poles of a magnet; and if the crystal is a 
“ negative ” one (or. optically negative, having an extra¬ 
ordinary index of refraction lets tlmn its ordinary index) 
there, will be. repulsion, if a “ positive ” one there will be 
attraction. Tyndall law endeavoured to show that this 
law is inmifUeient in not taking into account the paramag¬ 
netic or diamagnetic powers of the substance as a whole, 
lie finds that the magne-crystallic axis of bodies is in 
general an axis of greatest density , and that if the mass 
itself he par a magnetic this axis will point axially; if diamag- 
ntti(\ eg auto Hally. Fn bodies which, like slate and many 
crystals, possess cleavage, the planes of cleavage are usually 
at right angles to the magne-crystallic axis. Another way 
of stating the facts is to say that in non-isotropic bodies 
the induced magnetic lines do not necessarily run in the 
same direction as the lines of the impressed magnetic 
field. 

374. Diamagrnetiem of Flames.—In 1847 Ban- 
calari discovered that (lames are repelled from the axial 
line joining the poles of an cdee.tromagnet. Faraday 
showed that all kinds of flames, as well as ascending 
»t reams of hot air and of smoke, are acted on by the 
magnet, and tend to move from places where the magnetic 
forces are strong to those where they an*, weaker. Gases 
(except oxygen and ozone), and hot gases especially, are 
feebly diamagnetic. But the active repulsion and turning 
aside of flames may possibly be in part clue to an electro¬ 
magnetic. action like that which the magnet exercises on 
the eonvexion-eurrenfc of the voltaic arc (Art. 448) and 
on other convex ion-currents. The electric properties of 
flame are mentioned in Arts. 8 and 314. 



Lesson XXX .—-The Magnetic Circuit 


375. Magnetic Circuits. —it in now’ gmmmlly 
recognized that there is a magnetic circuit law nimihtr in 
the law of Ohm for electric cireuitH. Ritchie, Bturgeon* 
Joule, and Faraday dimly recognized it. Rut the law 
was first put into shape in 1873 by Rowland, who cairn* 
lated the flow of magnetic lines through a bar by dividing 
the " magnetizing force of the helix ” by the u reid«lanre 
to lines of force ” of the iron. In I HHg B<>8amjm*t intro* 
duced the term magnetomotive-fore e 7 and showed how to 
calculate the reluctances of the separate parts of the mug 
netic circuit, and, by adding them, to obtain the total 
reluctance.* 

The law of the magnetic circuit may Ins stated m 
follows:— 

Magnetic Flux » 

reluctance 

or n = 


376. Reluctance.— Ah tlw electric. roaititmirr of a 
prismatic conductor can ho calculated from j 1 m length, 
cross-section, and conductivity, ho (ho magnetic rolucSmici 
ol a bar of iron can he calculated from its length, crow,, 
section, and permeability. Thu principal difference between 
t ie two cases lies in the circumstance (hat whibt ,,i (ho 
electric case the conductivity is the wune fur email and 
large currents, in the magnetic caw (hr periurnhilttv r, 
not constant, but is less for largo magnetic (luxe* thun'tor 
small ones. 


sep 


Let the length of the. bar ho l enilims., it* m-tiun A 
cms., and its permeability //. Thru it* rriurUme 


peciflcrolucU nco nt u »"»"-!. 

* UU romuanco , it till) roctumnn nf 



will be proportional directly to l, and inversely to A and 
/x. Calling the reluctance Z we have 

Z = l/Afi. 

Example .—An iron bar 100 cm. long and 4 sq. cms. in 
cross-section is magnetized to such a degree that /x=320 : 
then Z will be 0*078. 

The reluctance of a magnetic circuit is generally made 
up of a number of reluctances in series. We will first 
take the case of a closed magnetic circuit (Fig. 185) made 
up of a curved iron core of length l v section A p and 
permeability /x x ; and an armature of 
length Z 2 , section A 2 , and permeability /x 2 , 
in contact with the ends of the former. 
In this case the reluctance is 

Z = - 

Aj/q Ao/^2 

377. Calculation of Exciting 
Power.—Passing on to the more difficult 
case of a circuit made up partly of iron and partly of 
air, we will suppose the armature to be moved to a dis¬ 
tance, so that there are two air-gaps in the circuit, each 
gap of length Z 3 (from iron to iron), and 
section A 3 (equal to area of pole face). 

This will introduce an additional reluct¬ 
ance 2Z 8 /A 3 , the permeability for air being 
= 1. It will also have the effect of 
making part of the magnetic flux leak 
out of the circuit. 

By Art. 341, if the exciting power 
consists of C amperes circulating in S 
spirals around the core, the magneto¬ 
motive-force will be 4 ttCS/ 10. Applying 
this to the preceding example, dividing the magneto- 
motive-force by the reluctance, we get for the magnetic 
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But more often the calculation is wanted the other 
way round, to find how many ampere-turns of excitation 
will be needed to produce a given flux through a magnetic 
circuit of given size. Two difficulties arise here. The 
permeability will depend on the degree of saturation. 
Also the leakage introduces an error. To meet the first 
difficulty approximate values of /x must be found. 
Suppose, for example, it was intended to produce a flux 
of 1,000,000 lines through an iron bar having a section 
of 80 sq. centims., then B will be 12,500, and reference 
to the table in Art. 364 shows that if the bar is of 
wrought iron jx will be about 1247. To meet the second 
difficulty we must estimate (from experience) an allow¬ 
ance for leakage. Suppose we find that of all the lines 
created in the U-shaped part only the fraction 1 Jv gets 
through the armature, then to force N lines through the 
armature we must generate vN lines in the U-shaped 
piece, where v is the coefficient of allowance for leakage, an 
improper fraction increasing with the width of the gaps. 

We then proceed to calculate in parts as follows :— 

Ampere-turns needed to drive N lines 1i ^ -^1*257 

through iron of armature J * 

Ampere-turns needed to drive N lines! x ^-1*257 
through two gaps / A 3 

Ampere-turns needed to drive zdST lines'! x —1*257 
through iron of magnet core / A 2 ' 


Then adding up, we get:— 

Total ampere-turns needed=N J- -f-1 *257. 

Formulae similar to this have been used by Hopkinson 
and by Kapp in designing electromagnets for dynamos. 



no remanence the presence of a gap in the iron circuit 
tends to make residual magnetism unstable, as though 
the polar magnetism on the end-faces had a self-demag¬ 
netizing effect. In fact it is very difficult to give a 
permanent magnetism to short pieces of metal. Further, 
the low permeability of air necessitates enormous magneto¬ 
motive-forces, compared with those required for iron, to 
produce a given flux. The effect is to shear over to the 
right the curves of magnetization, seeing that a greater 
H is needed to attain an equal value of B. Joints in the 
magnetic circuit have the same kind of effect. 

The reason why the pull exerted by an electromagnet 
on its armature falls off so very greatly when the arma¬ 
ture is moved away to a short distance is the diminution 
of the magnetic flux caused by the great reluctance of 
the air-gap thus introduced into the circuit. 

379. G-eneral Law of Electromagnetic 
Systems.—Consider an electromagnetic system consist¬ 
ing of any number of parts—iron masses, coils carrying 
currents, air, masses of other materials, whether magnetic 
or diamagnetic—in any given configuration. Any change 
in the configuration of the parts will in general produce 
either an increase or a decrease in the magnetic flux. For 
example, if the armature of an electromagnet is allowed 
to move up toward the poles, or the needle of a galvano¬ 
meter is allowed to turn, there will be a betterment of the 
magnetic circuit, and the magnetic flux through the coils 
will be increased. Magnetic circuits always tend to close 
up and become as compact as possible. On the contrary, 
if we pull away the armature from an electromagnet the 
magnetic reluctance is increased, and the flux diminished ; 
and this action is resisted by the reaction of the system. 
All these things may be summed up in the following 
general law:— 

Every electromagnetic system tends so to change the con - 
dqwration of its parts as to make the magnetic flux a 




Suppose (tlie external magnetizing fomm remaining 
the same) a motion of any part through a distumm Mr 
results in a decrease of (lux (IN, tlum the force muring 
such motion will he proportional to dN/dr, 

380. Law of the Blectromafirnat.— Haforc the law of the 
magnetic circuit was understood many attempts were made to (hid 
algebraic formula! to express the relation between the strength of 
current and the amount of magnetism produced. Leu/, and Jacob 
suggested that the, magnetism of an electromagnet nuts proport ionat 
to the current ami to the number of turns of mire in the evit m 
other words, is proportional to the ampere-tarns, Ur in symbub 

where ft is a constant depending on the quantity, qualify, and form 
of iron. This rule is, however, only true when the iron cere b 
still far from being “saturated.” If the iron is already f4iongl> 
magnetized a current twice as strong will not, double the magnett/a 
tion in the iron, as Joule showed in 18-17. 

Muller gave the following approximate rule: The shaujth «./ 
an electromagnet is proportional to the angle whose tangent H Me 
strength of the magnetizing current ; or 

m -A tnir 1 C, 

where C is the magnetizing current, and A a constant defending 
on the construction of the particular magnet. If the student will 
look at Fig. 121 and imagine the divisions of the hortemf id tJimwit 
line OT to represent strengths of current,, and the mtniln t*| 
degrees of arc intercepted by the oblique Hues to repreMeut *dt rtigths 
of magnetism, he will see that even if OT be made Infinitely lmm t 
the intercepted angle can never exceed <)() '. * 

Another formula, known as Frblieh s, 0 

<• 

w ^“\ i M' * 

where a and h are constants depending on the form, qiisditv <isi>l 
quantity of the iron, and mi the winding of the end. Vhc nnllmd 
b is the reciprocal of that number of amperes which would 
m equal to half possible maximum of magnetism, 

I lie author s variety of this formula ex presses the mmihct »»f 
magnetic lines N proceeding from the pole of the elect! 


where V represents the maximum number of magnetic lines tha 
there would in* if the magnetizing current were, indefinitely increase 
and the iron core Maturated, and O' stands for that number c 
amperes which would bring the magnetism up to half-saturation. 

None of these empirical formulae are as useful as the rations 
formula at the end of Art. 377* 


liKHHON XXXI.—- Electromagnets 

381. Eloctromagnots.—In 1820, almost immed 
alely after Oersted's discovery of the action of the eleetr 
current on a magnet needle, Arago and Davy independent! 
discovered bow to magnetize iron ami steel by insertir 
needles or strips into spiral roils of copper wire aroui; 



Fig. 187. 


which a current was circulating. The method is slio^ 
in the simple diagram of Fig. 187, where a current fr< 
a single cell is passed through a spiral coil of insulai 
copper wire, in the hollow of which is placed a strip 
iron or steel, which is thereby magnetized. The separ 
tunw of the coil must not touch one another or ■ 
fMttml bar. otherwise the current, will take the short 


wire of the coil should be overspun with silk or cotton, 
(in the latter case insulation is improved by varnishing it 
or by steeping the cotton covering in melted paraffin wax) 
or covered with a layer of guttapercha. If the bar be of 
iron it will be a magnet only so long as the current flows ; 
and an iron bar thus surrounded with a coil of wire for* 


the purpose of magnetizing it by an electric current is 
called an Electromagnet. Sturgeon, who gave this 
name, applied the discoveries of Davy and Arago to the 
construction of electromagnets far more __ 

powerful than any magnets previously 
made. His first electromagnet was a jjjjF 
horse-slioe (Fig. 188) made of a rod of f|> gg 
iron about 1 foot long and i inch in m 
diameter coiled with a single stout copper 
wire of only 18 turns. With the current iii^ 

from a single cell it lifted 9 lbs. ,* but with p .^ lgg 

a more powerful battery it lifted 50 lbs. 

It was first shown by Henry that when electromagnets 
are required to work at the distant end of a long line 
they must be wound with many turns of fine wire. The 
great usefulness of the electromagnet in its application, 
to electric bells and telegraphic instruments lies in the 
fact that its magnetism is under the control of the current • 
when circuit is “made” it becomes a magnet, when 


circuit is “ broken ” it ceases to act as a magnet. More¬ 
over, it is capable of being controlled from a distance, the 
current being “made” or “broken” at a distant point of 
the circuit by a suitable key or “switch.” 

382. Polarity and Circulation of Current.- 


By applying Ampere’s Buie (Art. 197) we can find which 
end of an electromagnet will be the N-seeking pole ; for,, 
imagining ourselves to be swimming in the current (Fig. 
187 ), and to face towards the centre where the iron bar* 
is, the N-seeking pole will be on the left. It is con- 
-frw vatti atyiTiat* this Y'Alflt.inn hv the following rules i 


imttjntti Jmj currents are circulating round it in (he sain 
ctjdic direction as the hands of a dock move ; and, loohin 
at the X’Seeking pole of an electromagnet, the niagnetizin 
currents are e imitating round it in the opposite, cycli 
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direct urn to that of the hanu 
of a dock. Fig. 189 show 
Hub graphically. These ruh 
are true, no matter whedht 
the beginning of the coils : 


at the cud near the observe 
or at the farther end froi 


him, whether the. spiral he a right-handed screw, c 
fas in Fig. 1 ST) a left-hmuled screw. It will be just tT 
same thing, so far os the magnetizing power is eoncerne< 
if the mils begin at one end ami run to the other an 


hack to where they began ; or they 
may begin half-way along the bar and 
run to one end and then hack to the 
other: the one important thing to 
know is which way the. current flows 
round the bar when you look at it 
emhon, The corkscrew rule (Art. 

198) leads to the same result. 

Huppose an iron core to he wound 
with a rigid handed coil, and that a 
current in intmluoed at some point, 
and to flow both ways, it will produce 
opposiUdyulireeded magnetizing aethma in the two point 
and there will he consequent poles (Ark 120) at the poi 
of entrance. In Fig. 190 an iron ring with a rigli 
handedly -wound closed coil is shown. There will he 
double H-pnln at the point where the current enters, ai 
a double hkpoln where it leaves the windings. 

383. Construction of Electromagnets.— T 
most useful form of electromagnet is that in which t 



case it is usual to divide the coils into two parts wound 
on bobbins, as in Figs. 64 and 191. The electromagnet 
depicted in Fig. 192 is of a form adapted for laboratory 
experiments, and has movable coils which are slipped on 
over the iron cores. The cores are united at the bottom 
by a stout iron yoke. Sometimes only one coil is wound 
on the yoke part. A special 
form of electromagnet devised 
by Kuhmkorff for experi¬ 
ments on diamagnetism is 
shown in Fig. 182. 

Many special forms * of 
electromagnet have been 
devised for special purposes. 

To give a very powerful 
attraction at very short dis¬ 
tances, a short cylindrical 
electromagnet surrounded by lfru 

an outer iron tube, united at 

the bottom by iron to the iron core, is found best; the 
iron jacket constituting a return path for the magnetic 
lines. This form is known as an won-dad magnet. To 
attract iron across a wide gap which offers much reluc¬ 
tance, a horse-shoe shape with long cores should be chosen ; 
for it needs long cores to wind on enough wire to provide 
sufficient exciting power to drive the ilux across the gap. 
To give a gentle pull over a long range a solenoid (Art. 
385), or long tubular coil, having a long movable iron core 
is used. For giving a very quick-acting magnet the coils 
should not be wound all along the iron, hut only round 
the poles. As a rule the iron parts, including the yoke 
and armature, should form as nearly as possible a closed 
magnetic circuit. The cross-sections of yokes should be 
thicker than those of the cores. 



384. LiftoK-powor of EHootronrnKnote-Tlm 

tmdm ‘ lorn- uf an oloetromapucl. .l.-jH-mi.s not un itn 
magnetic. strength, Imt also upon it* form, and on tk 
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Rliapo of itn polos, and on the form of U„. w ,ft j ron 
armature which it, nitmc.ta. It should bo *„ arranged 
1 , iftt im many linos of foree no possible should run thnmrfi 
tho armature, and tbo. arnmti.ro itm-If should contain a 
suihcuml uuiHB of iron. Jtmlu n powerful electro- 

magnot, capable, of supporting over a tun. The maxi¬ 
mum attraction lie could produce between an electro¬ 
magnet and its armature was 3<>o lbs. per mmure inch, or 




icIi when the wrought-iron core was saturated up to 
9,820 magnetic lines to the square centimetre. The 
iw of traction is that the pull per square centimetre is 
roportional to the square of the number of lines per 
juare centimetre : or in symbols 

p _ b 2 a 

8tt 5 

here P is the pull in dynes, and A the area in square 
mtims. In the following table are given the values of 
le tractive force for different stages of magnetization. 


B 

Dynes 

Grammes 

Pounds 

lines per 

per 

per sq. 

per 

sq. cm. 

sq. centim. 

centim. 

sq. inch. 

1,000 

39,790 

40*56 

*577 

2,000 

159,200 

162*3 

2*308 

3,000 

358,100 

365-1 

5*190 

4,000 

636,600 

648-9 

9*228 

5,000 

994,700 

1,014 

14-39 

6,000 

1 , 432,000 

1,460 

20*75 

7,000 

1 , 950,000 

1,987 

28*26 

8,000 

2 , 547,000 

2,596 

36*95 

9,000 

3 , 223,000 

3,286 

46*72 

10,000 

3 , 979,000 

4,056 

57*68 

12,000 

5 , 730,000 

5,841 

83*07 

14,000 

7 , 800,000 

7,950 

113*1 

16,000 

10 , 170,000 

10,390 

147*7 

18,000 

12 , 890,000 

13,140 

186*8 

20,000 

15 , 920,000 

16,230 

230*8 


It will be noted that doubling B makes the pull four 
res as great. One curious consequence of this law is 
it to enlarge its poles weakens the pull of an electro- 
gnet or magnet. In some cases — bar magnets for 
imnle—their tractive power is increased by filing 




386, Solenoid, -Without any central core of iron 
or steel a spiral coil of wire traversed by a current, acts as 
an electromagnet (though not ho powerfully as when an 
iron core in placed in it). Such a coil in sometimes termed 
a solenoid, A solenoid has two poles and a neutral 
equatorial region. Ampere found that it will attract 
magnets and be attracted by magneto It will attract 
another solenoid ; it has a magnetic field resemhlmg 

generally that of a 
bar magnet. If bo 
f 9 arranged that it can 

turn round a verti¬ 
cal axis, it will set 
itself in a North 
and South direction 
along the magnetic 
meridian. Fig. 193 
shown a solenoid, 
arranged with pi veto, by which it can be suspended to a 
table/ 1 like that shown in Fig, 198. 

With an iron core the solenoid becomes far more 1 
powerful. The effect of the iron core is by its greater' 
permeability to multiply the number of magnetic lines^ 
as well m to concentrate them at definite poles, Tho : 
student haw been told (Art. 2051) that, the linen of force* 
due to a current flowing in a wire are closed curves, approxi¬ 
mately circles (Figs, 115 and 195), round the wire. If I 
there were no iron core many of these little circular lines' 
of force would simply remain « small closed curves! 
around their own wire ; but, since iron has a permeability; 
bund reds of times greater than air, wherever the wire 
passes near an Iron core the magnetic lines alter their shape, : 
and instead of lwing little circles around the separate’ 
wires, run through the iron core from end to end, and j 
round outside from one end of the coil back to the other. . 
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there is iron there are more lines to How back.* Hence 
the electromagnet with its iron core has enormously 
stronger poles than the spiral coils of the circuit would 
have alone. 

In Art. 342 it was shown that the intensity of the 
magnetic held down the middle of a solenoid of length l, 
having S spirals, carrying C amperes, is— 


H = 


4t CS 

10 x r 


Since the area enclosed is 7rr 2 , the flux down the 
solenoid (without iron) will be 


N = 


47tV 2 


x CS. 


And, since 47r magnetic lines go to one unit of mag¬ 
netism, the solenoid (without iron) will act as though 
it had as the magnetism at its pole— 


It will be noticed that for any solenoid of given length 
and radius the three magnetic quantities H (internal 
held), N (magnetic llux), and m (strength of poles) are 
proportional to the amperes of current and to the number 
of turns in the coil. The product which thus comes into 
all electromagnet formuhe is called the number of amperc- 
turns. 

A. solenoid with a movable iron plunger is sometimes 
called a sucking-magnet. The iron core tends to move into 
the position in which it best completes (Art. 379) the 
magnetic circuit. If the core is much longer than the 
coil, the pull increases as the end of the core penetrates 


* But, hi ilio case of a povmauont stool horseshoe magnot, bringing up 



down tin* roil, diminishing quickly as tlm corn emerges. 
Short iron cores an* only |*u!l«'«l whilo at the mouth of 
the coil ; the maximum puli being when about halt' their 
length has entered, 

888. Tho Winding of Electromagnets. —The 
exart laws governing the winding of electromagnets are 
aomewhat complicated ; hut it is easy to give certain rules 
which are approximately true. Every electromagnet 
shows the. same general set of facts- that with small 
exciting power there is little magnetism produced, with 
larger exciting power there is more magnetism, and that 
with very gn*at exciting power the iron becomes prac¬ 
tically saturated and will take tip very little, additional 
magnetism. It. follows at once that if the electromagnet 
is destined to he used at the end of a long line through 
which only a small current (perhaps only t J 0 . ampere) 
will flow, the requisite number of nmpere-turnH to excite 
the magnetism will not he attained unless many turns of 
wire are used ; and as the current in small a lino wire 
may be used. 

It may be noted that when electromagnets are wound 
with many turns of hue wire, these coils will add to the 
electric resistance of the circuit, and will tend to diminish 
the current. Herein lies a di Here nee in construction of 
telegraphic and other instruments ; for whilo electro¬ 
magnets with “ long coils;’ consisting of many turns of fine 
wire, muni he used on long circuits when? tin*re is great 
line resistance, such an instrument would be of no service 
in a laboratory circuit of very small resistance, for the 
resistance of a long thin coil would he disproportionately 
great: here, a short coil of few turns of stout wire 
would he appropriate (see Art IfH). 

U ia the nature of the //W, according to whether it it 
of high resistance or low, which governs the question* 
how the coil shall he wound and how the battery shall be 


ampere-turns proportional to tlieir linear dimensions if 
they are to he raised to equal degree of saturation. 

As the magnetism of the magnet depends on the 
number of ampere-turns, it should make no matter 
whether the coils are bigger than the core or whether 
they enwrap it quite closely. If there were no magnetic 
leakage this would be true in one sense ; but for an equal 
number of turns large coils cost more and offer higher re¬ 
sistance. Hence the coils are wound as closely to the iron 
core as is consistent with good insulation. Also the iron 
is chosen as thick as possible, as permeable as possible, and 
forming as compact a magnetic circuit as possible, so 
that the magnetic resistance may be reduced to its utmost, 
giving the greatest amount of magnetism for the number 
of ampere-turns of excitation. This is why liorse-shoe- 
shaped electromagnets are more powerful than straight 
electromagnets of equal weight ; and why also a horse¬ 
shoe electromagnet will only lift about a quarter as 
much load if one pole only is used instead of both. 

As the coils of electromagnets grow hot with the 
current, sufficient cooling surface must he allowed, or 
they may char their insulation. Each square centimetre 
of surface warmed 1° C. above the surrounding air can 
get rid of about 0*0029 watt. If 50° above the sur¬ 
rounding air be taken as the safe limit of rise of tempera¬ 
ture, and the electromagnet has resistance r and 
surface s sq. cins., the highest permissible current will be 
0*38 Jsjr amperes. 

387. Polarized Mechanism.—An electromagnet 
moves its armature one way, no matter which way the 
current flows. Reversing the current makes no difference. 
There are, however, two ways of making a mechanism 
that will cause an armature to move in either sense at 
will. (a) The armature’s movement is controlled by 
an adjusted spring so as to be in an intermediate position 
when a weak current is flowing. Then sending a stronger 




or stopping the current will make it move the other way. 
(b) A polarized armature or tongue (i.e. one that is in¬ 
dependently magnetized) is placed between the poles of the 
electromagnet instead of opposite them. The direction in 
which it tends to move will be reversed by reversing the 
current in the circuit of the electromagnet. 

388. Growth of Magnetism.—It requires time to 
magnetize an iron core. This is mainly due to the fact 
that a current, when first switched on, does not instantly 
attain its full strength, being retarded by the self-induced 
counter-electromotive-force (Art. 458); it is partly due to 
the presence of transient reverse eddy-currents (Art. 457) 
induced in the iron itself. Faraday’s large electromagnet 
at the Eoyal Institution takes about two seconds to attain 
its maximum strength. The electromagnets of large 
dynamo machines often take ten minutes or more to rise 
to their working stage of magnetization. 

When electromagnets are used with rapidly-alternating 
currents (Art. 470) there are various different pheno¬ 
mena, for which the student is referred to Art. 477. 


Lesson XXXII .—Electrodynamics 

389. Electrodynamics.—In 1821, almost immedi¬ 
ately after Oersted’s discovery of the action of a current 
on a magnet, Amp&re discovered that a current acts upon 
another current, apparently attracting it * or repelling it 
according to certain definite laws. These actions he in¬ 
vestigated by experiment, and from the experiments he 
built up a theory of the force exerted by one current on 
another. That part of the science which is concerned 
with the force which one current exerts upon another he 
termed Electrodynamics. It is now known that these 

* It would Ue more correct to speak of tlio force as acting on conductors 



actions are purely magnetic, and are due to stresses in tlie 
intervening medium. The magnetic field around a single 
conductor consists of a magnetic whirl (Art. 202), and 
any other conductor carrying a current when brought 
into the field of the first is acted upon by it. Fig. 194 
shows the field clue to two parallel straight current con- 



Fig. 194. Fig m. 


ductors, which were passed through holes in a sheet of 
glass on which iron filings were sprinkled. In Fig. 194 
the currents flow in the same direction; in hig, 195 in 
opposite directions. In the first case the stresses in the 
field (Art. 119) tend to pull them together, in tlie second 
to push them apart.* 

390. Laws of Parallel and Oblique Circuits.-— 

The following are the laws discovered by Amphre 

(i.) Two parallel portions of a circuit attract one another 
if the currents in them are Jlowini/ in the same direction , and 
repel one another if the currents flow in opposite directions. 

This law is true whether the parallel wires he parts of 
two different circuits or parts of the same circuit. 
The separate turns of a spiral coil, like Fig. 193, 
when traversed by a current attract one another ; 
such a coil, therefore, shortens when a current is 
sent through it. But this is equally well explained 






hj tW gininral law of olortrotimgiictic *v Atom* 
(Art. 117 Warner ahortcuiug \% ill rctltnv the 

rrlurtfuiro of tho tnugnotii* niviiit uml imTonw 
thr flux. 

(ii.) Tiro ptniiatiti of fiiraiii emmimj one tnwfhtr nhiiii»eli} 
attract me another if hath the mmiits run either tummlg or 

from the inn at of enmimj, aw! rein! one another if one rum 

in amt the other fmm that paint. 

Fig. Ilifl given tluw of attraction am I two of no 

jntkion that occur in then* law*, 

(iii.) I Then an element of a r ire nit e eerh a fare* on 
another element if a circuit, that force at wag* tenth to it rye 
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th$ latter in a timeiitm at right tingle* in it* mm tliiwimn, 
lliuitj, in tlin ewe of two j»nilli’l circuit*, tlio of 

attraction or mpulnioft art# at right ntig!on ft* tlm current* 
thwimelve*. 

An example of lawn ii, ami iii, $« iiffonlwf Uy the mm 
rtluiwn in Fig, Hi?, Here two current* ah am! r#l 
ar« movable rmiml (1 m a venire, There will lie 

tin ttpjmrcmt ttpnlmm lietween «« ami i ami he- 


The 


foregoing laws may be summed up m one, 
by saying that two portions of circuits, however 


situated, set up stresses 
in the surrounding 
medium tending to set 
them so that their cur¬ 
rents flow as nearly in 
the same path as 
possible. 



Fig. 197. 


(iv.) The force exerted between 

two 'parallel portions of circuits is proportional to the product, 
of the strengths of the two currents , to the length of the 


portions , and inversely proportional to the simple distance 


between them. 


391. Ampere’s Table.—In order to observe these 
attractions and repulsions, Ampere devised the piece of 



Fig. 198. 


apparatus known as Ampkre’s Table , shown in Fig. 198, 
consisting of a double supporting stand, npon which 
wires, shaoed in different wavs, can he so hung as to be 









clip into two mercury cupn, ho uh {o ensure good contact, 
while nllowin^ freedom to mow, 

By the aid of this piece of up jeirutu* Ampere further 
demouHtmted the following pointo : 

(tt) A circuit doubled back upon iUtdf, m that thecurrcut flow# 
hack along a path close to itself, exerts no force upon ex¬ 
ternal points. 

(h) A circuit beat into Hgxags or sinuosities produces the 
Mine magnetic ©fleet* on a ueighlmuring piece of circuit m 
if it were atrnight. 

(r) There Is in no vnm any force tern ling to move u conductor 
in the direction of its own length. 

{</) The f*»rce Imtweeu two conductors of any form in the name, 
whatever the linear a lx© of the ay stein, provided the distance* 
be Increased in the name proportion, and that the currents 
remain the nnm In strength, 

Tim particular ctm t given In Fig. Iflf), will iliow the value of 
these experiment*. I#et All and VU reprwmnt two wire* currying 
tmrrentii, lying neither jmrallel nor in the same plane. It follow* 
from (h) that if w© replace the |»ortioit }*Q hy the crooked wire 



PBBQ, the force will remain the name. The j*m th»« 1*11 in drawn 
vertically downward*, and m It turn, hy (c), ©xj^rlfmc© no force 
in the «lim*.tlon of l to length, thli |mrtlr»n will neither I m attracted 

nor repelled hy 01), In the portion ItH the current rtmi at right 
angle* to 01), arid thin tmrtion is neither attracted nor repelled hy 



portions PR and RS will experience forces of rotation, however, P 
being urged round R as a centre towards C, and R being urged 
horizontally round S towards C. These actions would tend to 
make AB parallel with CD. 

392. Ampere’s Theory.—From the four preceding 
experimental data, Ampere built up an elaborate mathe¬ 
matical theory, assuming that, in the case of these forces 
acting apparently at a distance across empty space, the 
action took place in straight lines between two points, 
the total attraction being calculated as the sum of the 
separate attractions on all the different parts. 

The briefest summary must suffice. If we deal first with two 
parallel elements of length dh and dl 2 carrying currents CiC 2 , and 
set at right angles to the distance r joining them, their mutual 
force will be 

d/= - C^dhdk/lOOr 2 . 

If, however, they are not parallel or in one plane, let <f> be the 
angle they make with one another, while 61 and 0 2 are the angles 
they make with r ; when 

df= - CiCA^cos 0 -1 cos 6 ] *cos 0 2 )/lOOr 2 . 

By integrating this expression one obtains the forces for circuits 
of any given dimensions. For example, for two parallel straight 
conductors of lengths lik, if these lengths are great compared with 
the distance r between them, we have 


/= - 2C 1 C 2 Z 1 Z 2 /100r. 

The researches of Faraday have, however, led to other 
views; the mutual attractions and repulsions being re¬ 
garded as due to actions taking place in the medium 
which fills the space around and between the conductors. 
All these so-called electrodynamic actions are merely 
magnetic actions. 

An interesting experiment, showing an apparent 
mutual self-repulsion between contiguous portions of the 
circuit, was devised by Ampkre. A trough divided by 
a partition into two parts, and made of non-conducting 
materials, is filled with mercury. Upon it floats a 



metallic* bridge formal of a bent win 1 , of the form shown 
in Fig, 2(H), or eomuntiug of a glass tube tilled Mphonwiae 
with mercury. When a current in sent through the 
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lloaliug conductor from X over MN, ami out at V, the 
floating bridge is observed to move ho its to increase the 
area enclosed hy tlte circuit. But this force would he 



diminished indefinitely if the two jmraUui 
parts couhl lie miule to lie quite dose to 
one another, 

393. Rlootromagrnotte Rota¬ 
tions. (but humus rotation can \m pro¬ 
duced he I ween a magnet and a circuit, or 
between two parte of one circuit, provided 
that one pari of the circuit can move 
while another part remains fixed, or that 
,q the current in one part can he re vernal, 
The latter dev ire is adopted in the con¬ 
struction of elmlrie motors (Art. 443), 
The former alternative is applied in 
some historic apparatus for showing 


Fig. rot, rotation#, a sliding-contact being made 


between one jmrfc of the circuit and 


another. Severn! different forma of rotation-uptairatu* 
were devised hy Faraday and by Ainplim On# of 




mercury surrounding tlie pole of a magnet. On switching 
on the current the wire at once begins to walk round the 
pole wHfli a motion that continues until the current is 
switched off. 

A pole of a magnet can also be made to rotate round 
a current; and if a vertical magnet he pivoted so as to 
turn around its own axis it will rotate when a current is 
led into its middle region and out at either end. If the 
current is led in at one end and out at the other there 
will be no rotation, since the two poles would thus be 
urged to rotate in opposite ways. Licpiid conductors too 
cun exhibit electromagnetic rotations. Lot a cylindrical 
metallic vessel connected to one pole of a battery be. 
lilted with mercury or dilute acid, and let a wire from 
the other pole dip into its middle, so that a current may 
How radially from the centre to the circumference, or 
vice verm ; then, if this be placed upon the pole of a 
powerful magnet, or if a magnet he held vertically over 
it, the licpiid may bo seen to rotate. 

894. Meotrodynamometer. — Weber devised an 
instrument known as an electrodyncmomdcr for measuring 
the strength of currents by means of the electrodynamic 
action of one part of the circuit upon another part. It is 
a sort of galvanometer, in which, instead of a needle, 
there, is a small coil suspended. One form of this instru¬ 
ment, in which both the large outer and small inner coils 
consist of two parallel coils of many turns, is shown in 
Fig. 202. The inner coil 01) is suspended with its axis 
at right angles to that of the. outer coils AA, BB, and is 
supported bijllnrly (see Art. 130) by two hue metal wires. 
If one current Hows round both coils in cither direction the 
inner bobbin tends to turn and set its coils parallel to 
the outer coils ; the sine of the angle through which the 
suspending wires are twisted being proportional to the 
square of the strength of the current. 




xmt current, nml C'jCgtho currents in them, the torque (or turning 
moment) will bo 

U,,{y\ ; /100. 

Thu chief advantage of thin instrument over a gutvnnn- 
meter is, that it may be used for alternating currents ; a 
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current in one direction being followed by a reverse 
current, perhaps thoumnds of times in a minute, Hueh 
currenti hardly affect it galvanometer needle at all; the 
needle simply quiv^ra in it# pliiee without turning, 

805, Siomcma's Bleotrodyaamomcit©r, — In 
HienumnV dynamometer (Fig. $03), much used for 
measurement of strong currents* whether of the con¬ 
tinuous or the alternating kind, one roil h fixed 
permanently, whilst the other coil, of one or two turns, 
dipping with its ends in mercury cups, m hung at right 



turn parallel to the fixed eoilH, but in prevented ; the 
torsion index being turned until the twin! on the spring 
bnlunrcn the torque. The angle through 
which the index has had to he turned 

i.n proportional to the product of 0j(l>, . 

the curreutn in the. fixed and movable |1 

COllt*. 

For use of dynamometer an mil metw, f f^s 
see Art. 43B» 

306. Kelvin’s Ourront Bah Ilk] 

axioos. Joule, Muncart, Lord Huy- ^ 

high, and others have measured currents tL 

by halaneen in which gravity wan / 9 

opposed to the attraction or repulsion I 

of two coils. Of such halanccH tin* Fia. uoh. 

moat perfect are those of Lord Kelvin, 
the principle of which in outlined in Fig. 204. there are 
Tour Iked eoik, AHOI), between which in Hunpended, by a 
flexible metal ligament of tine wires, at the ends of a 



light beam, a pair of movable coils, K and K The 
current flown in such directions through tho whole six 
that the beam tenth to rise at F and sink at K The 
bourn curries a small pan at the F end, and a light arm, 
nut shown in Fig. 204, but shown in Fig. 205, along 
which, an on a sieebyard, u sliding weight can be moved 






force is proportional to the product of the current in the 
fixed and movable coils as in all electrodynamometers. 

Lord Kelvin lias designed a whole range* of these instruments : 
—a centi-ampere balance reading from 0*01 to 1 ampere ; a deci¬ 
ampere balance reading from 0*1 to 10 ; a deka-ampere balance 
reading from 1 to 100; a hekto-ampere balance reading from 6 to 
600 ; and a kilo-ampere balance reading up to 2500 amperes. The 
centi-ampere balance is shown in Fig. 205, in which the sliding 
weight is carried on the base of the pointer (shown white), and 
when at the zero of the scale just balances the weight in the V- 
shaped pan. Any current passing through the coils causes the 
beam to tilt and the pointer is moved (by means of a self-releasing 
slider attached to cords) until it is again horizontal (as shown by 
the black pointer at either end). With a certain pair of weights 
the fixed scale gives the current in decimal parts of an ampere; 
but by the use of other weights a wider range is obtained. 

Tlie cc ampere-standard ” instrument, and the “ volt- 
standard instruments of the Board of Trade, kept at 
Whitehall as legal standards for Great Britain (see 
Appendix B), are current balances of special construc¬ 
tion, designed by Major Cardew. 

397. Electromagnetic Actions of Convexion 
Currents.—According to Faraday a stream of particles 
charged with electricity acts magnetically like a true 
conduction current. This was first proved in 1876 by 
Rowland, who found a charged disk rotated rapidly to 
act upon a magnet as a feeble circular current would do. 
Convexion currents, consisting of streams of electrified 
particles, are also acted upon by magnets. The convective 
discharges in vacuum-tubes (Art. 320) can be drawn aside 
by a magnet, or caused to rotate around a magnet-pole. 
The brush discharge (Art. 319) when taking place in a 
strong magnetic field is twisted. The electric arc (Art. 
448) also behaves like a flexible conductor, and can he 
attracted or repelled laterally by a magnet. Two stationary 
positively-electrified particles repel one another, but two 

* For a fuller account of these Current Balances, and of the Wattmeters 


parallel currents ill I ni^t one another .Au. Hilt) % and 
if electrified jwrtickn flowing along m l like current there 
should be an (electromagnetic) attraction between two 
electrified particles moving along side bv fade through 
apart*. According to Maxwell* theory (Art, t% t s i tin* 
electrostatic repulsion will l*e ju*t c<pin! to the electro 
magnetir attraction when the jiarlicle* move with a 
velocity equal to the velocity of light, 

Hall discovered in \ H?0 that when a powerful mngnet 
in made to art upon n current flow mg along in a at rtp of 
very thin metal, the et|iti{M»tenfitil lines art' in* longer at 
right angles to the Hues of th»w of the current tit the strip. 
This netitm appears to Iw connected with the magnetic 
rotation of |»lnrs/etl light (Art 58#!j s the cmdlteicttt of this 
train* verm* thrust of the magnetic field on the current 
lasing feebly 4* in gold, strongly + tti hUimitli, mitt - in 
iron, and immenmdy strong negatively in tellurumi. It 
was ahown by the author, and about the same time by 
Rigid, that those metals which manifest the Hull effect 
undergo a change in their electric restMtanee when placed 
in the magnetic held. The resuHtnncc of bismuth immm$ 
m greatly that it affords n way of measuring the strength 
of magnetic fields, 

898. Amp&ro'n Thitory of Mnunnilum, Am 

ptsre, finding that solenoids (micls a* Fig, l 1KI» art pre 
einely as magnets, conceived that all mngimk arc simply 
collections of currents, or that arotmd every individual 
mokenk of a magnet an electric current i* crawlrwdy 
circulating. We know that such currents could not flow 
perpetually if there were any rosislitticit to them* and we 
know that there in resistance when electricity flows from 
one molecule to another. An we know nothing nkiiit the 
interior of molecules themselves, we ruiniot assert that 
Ampfert*'* supposition i« impossible. Hi nee n whirlpool of 
iketricity acta like n magnet, there mmm indeed remtou 



CHAPTEE VI 


MEASUREMENT OP CURRENTS, ETC. 

Lesson XXXIII.— Ohm’s Law and its Consequences 

399. Law of Dr. Ohm.—In Art. 191 the law 
discovered by Dr. G. S. Ohm was stated in the following 
terms : —The strength of the current varies directly as the 
electromotive - force, and inversely as the resistance of the 
circuit. 

Using the units adopted by practical electricians, and 
explained in Art. 354, we may now restate Ohm's law 
in the following definite manner: —The number of amperes 
of current flowing through a circuit is equal to the number 
of volts of electromotive-force divided by the number of ohms 
of resistance. Or, 

amperes = volts ohms, 

C = E/E. 

The above is the simplest way of stating the law, but in 
its application it is not quite so simple. If we apply it to 
a whole circuit we must consider both the total E and the 


circuit. F«»r example* the currant nmy flow fr^mi the 
zinc plate of the first cell through the Ih|tud to tin* carbon 
plate* then through a connecting wire or wtvw to the 
next cell, through it^ liquid, through the connecting «erew» 
niui Ihptida of the tv-4 of the cel In, thru through n wire 
to a galvanometer, then through the coiL of the gnlvutm 
meter, then perhaps through an rhvfrohtie tell, ami 
family llirott^li a return wire to the /me pole of the 
buttery. In thin case there are n number of separate 
electromotive*force* nil tending to pr<*dm e a flow, and a 
mtmher of different rerfintanees, eiicll obstructing the flow 
and adding tn the total resistance, If in such a caw we 
knew tin* Hcgiarutc % nines of nil the different electround ive* 
forces and all the different reni*dnucr« that are in series we 
eoulil calculate what the cunvnt would he, for it wouhl 
have the value 

( , t I r'* I /" I c ,¥ I.. 

r } r" t i *" 1 t # 4 * l . , . . , 

^, Total electromotive force 

Total rc»|.*4ance 

Kmmpif, Let there W 5 cell i in *»n leu each * 1 4 

volts, ami each mi interim! r O'-l ohto ; iiint let the 
csternal part of rirrnlt have re^btttnre It Total 

K 7 volts ; total ft ,\ «*lil»»i. t ‘nrreat (‘ will l*e l| 
mu|«ae«, > 

If any one of the cells were net wrong way round if* 
elt*ctroim>tive-force would oppose that of the other cells ; 
an nppMtng eleetromtitive force tmrnt therefore tie »nl»- 
traded* or reckoned m negative in the algebraic mum 
The u jHilarimtitm " (Art*. 175 and 487! which occur* 
in battery cells ami in electrolytic crib after working for 
some time is an opposing electromotive * force, and 
diminishes the total of the eleetromotivr • form* in the 
circuit, So, also* the induced buck RM.R which in net 


current; in such case, if E is tlie electromotive-force of 
the battery, e the opposing electromotive-force, and R 
the total resistance, we shall have 

p ___ B 

Example .—Suppose the battery to generate current at 25 volts, 
and the motor to generate a back electromotive-force of 
20 volts, and the total resistance to be ohms, there 
will be a current of 2 amperes. 

But we may apply Ohm’s law to a part of a circuit. 
If e represents the difference of potential between two 
ends of a conductor of resistance r, the current C in it 
must be = ejr. Or, to put it the other way round, the 
electromotive-force needed to drive C amperes through a 
resistance of r ohms will be e = rC volts. 

Consider the case of a circuit of which the resistance 
is made up of two parts, an external resistance R consisting 
of wires, lamps, etc., and of a smaller resistance r internal 
to the battery or dynamo (viz. the resistance of the 
liquids in the cells, or of the wire of the armature). Then 
if E is the whole electromotive-force we shall have as 
current 

P - E 

° R -+■ r 

or C(R + r) = E ; 

or again OR + O = E. 

This means in words that^he total volts may be considered 
as being employed partly in driving the current through 
the external resistance R, partly in driving the current 
through the internal resistance r. This latter part 
of the electromotive-force is called the lost volts; the 
remainder being the useful or externally available volts, 
that would be measurable by a voltmeter (Art. 220) 
set across the terminals. If we call the available volts V 


'lull 


riloKt l Kit 111 AM' MAtiM'.IWM 


rvnr it 


V K (V; 

or in \vufilf4: flu* vol t ^ turrit tv* I at thv trnuiunb of a 
roll or dynamo arv !»•>*.* than tin* vv ho tv K*M,F gmrmfrd 
thoivin ; Wing ui|»ml to tin* ttholr K.M.F. lr.*« ihr I*mi 
vultfi. Tin* lo«t volt** bring proportional to mtvrtiid rr 
tWifimtT it in ohviounly bunt to ket*p fill iistrristd rmsfiinrra 
ti» low tin |»on»tl»Ir, Only whim tin' roll in giving no 
rtmvnt atv tho rxtmml volt* V aprnl to tin* whoh* K.M.F. ; 
for w hru t’:.n, CY in aim* <». 

ftxumjif*-, A dynamo h drdgtu'tl to grurrutt' ifm fiirnmts 
With nu rhrtl**Uu»tivr>ft>f 4 ’r of tOft Vt*tl h, Thu iutrruul 
tsmhfsmrr of it* ariimtinv is d«i ohm. Winn It in. giving 

out nirrriit of 1‘itl muthr volt* will lw I'M h ^ 
4 t*nii5»w|iiiiitl) tl»r Volt»j uvallubhi ill tiio 

external rircuit will W only I0i, 

Hina* (? ** ' it follow* alao that V H ** . 

K t r It It I r 

400* EUisifitanco.-- K«**i*tn«w in tlir tutnu* given to 
tlmt property of material* by virtue of whirl* they otmtrurt 
th<! ateiuiy flow of rlrrfririiy through them, and fritter 
down into hrat the energy of tin* rnrmit, It m found 
tlmt tho renin! nnoj of it inrlnl wire, if kept nt itit unvary¬ 
ing temperature, m the «imr whether it largo rnrmit or 
a aumU ettrrettl ho flowing through it. For example, if 
a wire him n rtwinUmu* sttrh that when n tiiflVmu*« of 
jmUmtmt of 10 volt* m applied to it* end* a eurrent of 
i am]K*re« flow*a through it (in* re*i*tAure bring ft ohm*), 
it will ho found that if I volt h applied tin* rummi will 
irn 0*2 am {wren, tin* rniio Wlwrett volt#* and ampere* 
bring ft iw before, 

The unit of r©fiiitjitt«\ nr nhm, i* n atamliml rluwcm in 
order that tin* twwimmw of other eond ur tor* mny 1 m* 
mpmimd in definite mitnWru. Tin* definition of it i« 



Ui’>i:»lHtuvH in a circuit may be of (wo kinds - first, 
tht* iv. i *tnmvH of tin* conductors (metals, alloys liquids) 
t hewed ven ; mmmt, the resistances due to imperfect contact 
at points. The latter kind of resistance is a ducted by 
|iivH;»urt\ hu* \\ hmi tin* mirfueeB of two conductors are 
brought into mm-e intimate contact with one another, 
the current pulses more Ircely frniu one, conductor to 
the other, The contact-resistance of two copper con¬ 
ductors may vary from infinity down to a small fraction 
of an ohm, according to the pressure. The variation of 
resistance at a point of imperfect contact in utilized in 
telephone transmit tern (Art, M2), Thu conduction of 
pturtirtt t! nntaU U remarkable. A loose heap of tilings 
scarcely conducts nt nil, owing to the want of cohesion, 
or to tin* existence of films of air or dust. But it l>o- 
which instantly a good conductor if an electric spark is 
allowed to occur anywhere within a few yards of it (see 
Art, 5*2It The resisting films of air are broken down 
by minute internal discharges in the muss. A very 
slight agitation by tapping at once makes the powder 
mm conductive. 

For the purpose of regulating the flow of currents, 
ami for electrical measurements (Art 411), variable 
rmatamm are employed, limut* 
ai#rn cmh (Art, 414) are sets of 
mh made each of a definite 
value in ohms, of which one or 
more ran he inserted in the 
urcuit at will, Hhcmtal* consist 
»f easily adjust able resistances, Fig. aOrt. 

:lm length of wire in circuit 

otung varied hy turning a handle. In sumo cases the 
heostat wlwi is wound off and on to a roller. In 
itlinw a handla (Fig, Slot!) moving over a number of 
netiil studs varies the amount of resistance-wire through 

.vhieh the current must flow, Carbon rheostats consist 




fiquiuv, urrungml hi a jiiU*, \tith a t«* iv*lttm' their 

roHintuniT I»y n»|u»*t*/iug tln*ni into l»»*ttrr mutnct. 

401, IjIIWh of IkmlHiuiUHi, The following mv fin* 
law# of tin* ivdntmnv of rutnhtHor» ; 

(i, Wif $r'i*isittut*t t*f ti i <ui‘hh hn*j wit* 1,1 m'npnrt tmutl to 
it*: ifmjth, If fIn* ivu4utnv of u iniIt* of |fun 

telegraph win* h»* IT ohm'*, iImf of U\\ mile* will 

|||‘ fill X I 7 Nfit* Itluil-i, 

(ii,) Tkf irsiMitwr «»/’ tt i j rh*- l\ inn, <v?r hj pru 

pnriitmttl t»* tin tirm tf itn er**.u /tin! therefore 

in the u#unl f-Miiifti i.i iturm'hj pmpmiiamd 

in tin n /mi/v ttf ltd tlinitntt r, ( lf»Utility telegraph* 
win* in illtotif | of mi imh think ; u win* twin* 
ism flunk wi»uM eotnlunt four liiisrw ini well* 
having four time# flu* an’a of cru##'flection ; 

lienee mi length of it would luivu only | 

the re#!#tniiee. 

(Hi,! Tin? rrtuiinm*? nf a rmithirtimj wir? nf tjh'ui It mjth 
a ml flush f*t dtp* mh npun the material of which 
it m ma«!e that h to m\\ upon the tsp#©lflo 
rOMitfttinoo tf tin nntlrriai, 

If flu* length of a win* )«• ! eeiitituettv.**, un<l il« arm 
of motion A Njunro cetilimelieM* mul tin* uponth* rr#44n*ia) 

of fhu material lie /», then it# tvmlmm* ft will he 

H Ip' A. 

ii Flint tlir ref*i*4in»ee «*f n |4»liiio|4 wtu* of heetiem 
Ct’CMIl »|, rm,, umt 2W run ; p UU**» >» lii 
It : , I *1125 rims* 

402. Conduotanoo anti Ikmlatiiiim The term 
rmuiitrinner in iimoiI m the mvrtiw of remittance ; a nun 
tlttofor whom* reaihtumv i# r ohm* in mud to have a coin 
(luet&UW of 1/f *' mlimj* Wltrii n litftnher of eottiiuotor# 



1 cm. ami its area of section is 1 sq. cm., is called its 
conductivity or spedjic conductance . 

The resistance of a prism of length 1 cm. and section 
1 sq. cm. is sometimes called its resistivity or specific 
resistance. 

403. Specific Resistance. —The specific resistance 
of a substance is most conveniently stated as the resistance 
(in millionths of an ohm) of a centimetre cube of the 
substance. The Table on p. 40*1 also gives the relative 
conductance, when that of copper is taken as 100. 

Aluminium is a better conductor than silver, weight 
for weight. 

It is found that, those substances that possess a high 
conducting power for heat are also the best conductors 
of electricity, but the ratio of these conductivities is 
not constant; it varies as tilth absolute temperature. 

Liquids fall under three heads : (1) molten metals and 
alloys, which conduct simply as metals ; (2) fused salts 
and solutions of salts and acids, which conduct only by 
electrolysis (Art. 487); (3) insulators, such as the oils, tur¬ 
pentine, etc., and bromine. Liquid electrolytes are worse 
conductors than metals ; gases, including steam, are per¬ 
fect non-conductors, except when so rarefied as to admit 
of discharge hy con vex ion through them (Art. 320). 

404. Effects of Heat on Resistance. —-Changes 
of temperature affect temporarily the conducting power 
of metal h. Nearly all the pure metals increase their 
resistance about 0*4 per cent for a rise of 1° (J. in tem¬ 
perature, or about *10 per cent when warmed 100°. 
When cooled in liquid oxygen tlui resistance was found 
by Wroblewski to fall greatly. A copper wire which at 
O w had a resistance of 17*5 ohms fell to 1*65 ohms at 
- 5201° 0. Dewar and Fleming find all pure metals to 
lower their resistance as though at -274° 0. (absolute 
zero of temperature) they would become perfect con- 
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wliicli when cold was 230 ohms, was only 150 when 
white hot. German - silver and other alloys do not 
show so much change, hence they are used in making 
standard resistance coils. The tei»])i'mtuvo-cooflieu*nt of 
German-silver is only 0*00044 lor 1 C., or that ol 

the pure metals. Platinoid and platinum-?diver have about 
0*00011 for their coefficient. Weston has (bund alloys 
of manganese, copper, and nickel, which have a small 
negative coefficient. Those liquids which only conduct, 
hy being electrolysed (Art. 234) conduct better as the 
temperature rises. The effect of liyht in varying tlm 
resistance of selenium is stated in Art. 520, The pro¬ 
perty of changing resistance with temperature, is now 
used for measuring furnace temperatures in Gallendarb 
platinum pyrometer. The bolometer list'd hy Langley 
in researches on radiant heat depends on the same 
property. 

405. Insulators.—The name insulator *? is given to 
materials which have such high resistances that they enu 
be used as non-conductors. They diifer much in their 
mechanical qualities as well as in their insulation-resist¬ 
ance. They may be classed under several heads; (1) 
Vitreous, including glass of all kinds and slags ; (2) Minty, 
including slate, marble, stoneware, steatite, porcelain, 
mica, asbestos ; (3) Resinous, including shellac, resin, bees¬ 
wax, pitch, various gums, bitumen, ozokerit; (4) Mastic, 
including india-rubber, guttapercha, ebonite; (5) Oily, 
including various oils and fills of animal and vegetable 
origin, as well as solid paraffin and petroleum oil ; (ft) 
Cellulose, including dry wood and paper, and preparations 
of paper, such as “ fibre” and celluloid. All these 
materials decrease their resistance enormously us the 
temperature rises, and in general become fairly good 
conductors as soon as any chemical change begins ; some 
of them (as glass) conduct as electrolytes so soon as they 
soften. 



tmppurta of Mon**\var«\ potv* lain* or ghm* «»n whh h tele¬ 
graph whv-< art* i*urri»*tl Art, 107 . 

400. Typical Circuit, let it * *■**it’ i*I* i s tin* {y|u*‘til 
cant* of tlie i itvuit ^1**»%v u in l’T # , *2uY» in which a buttery, 
Zti\ h-i joint**! up in circuit with a eal\ ammmtcr by inruns 
of wttvH wlnoe icu.HtutHv i * lb Tin* total electromutiw* 
{urn* of tin* battery we will rail K, uinl tlir total interim! 
muManci* of tin* li*|ui*! • m tin* roll. r. The iv^ittnnre of 
tin* galvanometer mil♦ mav U* called U, Thru, la tllimti 
law ■ 

<• K 

it * i it; 

Tin* httaitdl r* ,oW*t/n*» r of tin* 1npti«li of tin* buttery 
beam an important relation to tIn* nhrmtl r^uhutv*- of 

Ilm circuit (including It 

uinl Clijoroti itm mint ion 
<lr|*i*titis the l mat wny of 
arranging tli« buttery ndla 

Sl||*|»f*HO t flit* 0%|II|4|lll% tlnit 

we have n lmtt«*ry of fill 
atitiill llainrllrt roll* nt iittr 
ili^jH.*,nl 1 of w Inch we ft my 
r«'*'k«*u tin* rirtirotitofm*- 
14 “i oit«* volt (i»r„ tnom 
fimttmfely, ! *07 volt j each, and ««;u h having an internal 
reHWtuure of two olitllM. If we luivr to nan them ee}U on it 
circuit whom then* in ulrnipiy of tieremuf y a high r^nint- 
unce, we ulmuhi couple them up 11 in *rrie*» " rat I nr lltittt in 
parallel, b\n\ rtippiwtttg we have 1?* m*ud mtr rttrreitf 
through a lim* of telegraph 100 tnih** long, the external 
tviiintuiu r If will l*»* t reckoning 1*1 ohm* to the tilth* of 
wire) iti leant laoo oltttm, Through tlii^ ivatMtunce n 
aingle piirh mil would give it current of !**»§ thnti **n«* stiillt 
ampere, for hero K t, If 130th *' atnl then-fore 



Willi fifty sucli cells in series we should luive E = 50, 
r=^ 100, and then 


U 


no r,o i 
laooTioo^Iioo ’ s 28 


of an ampere, ox over 35 milli- 


amperes. In telegraph work, where the instruments 
require a current of 5 to 10 inilli-aniperes to work them, 
it is usual to reckon an additional Darnell's cell for every 
f> miles of line, each instrument in the circuit being 
counted as having as great a resistance as 10 miles of 
wire. 


If, however, the, resistance of the external circuit he 
small, such arrangements must he made as will keep the 
total internal resistance of the battery small. Suppose, 
for example, we wish merely to heat a small piece of 
platinum wire to redness, and use stout copper wires 
to connect it with the battery. Here the external resist- 
an (so may possibly not be as much as 1 olun. In that 
ease a single cell would give a current of J of an ampere 
(or 333 milli-amperes) through the wire, for here E= 1, 
R-l, and r = 2. But 10 cells would only give half 
as much again, or 476 milli-amperes, and fifty cells only 
495 milli-amperes, and with an infinite number of such 
cells in aeries the current could not possibly be more 
than 500 milli-amperes, because every cell, though it adds 
l to E, adds 2 to R. It is clear then that though link¬ 
ing many cells in aeries is of advantage where there is 
the resistance of a long line of wire to he overcome, yet 
where the external resistance is small the practical advan¬ 
tage*, of adding cells in series soon reaches a limit. 

Ihit suppose in this second case, where the external 
resistance of the circuit is small, we reduce also the 
internal resistance of our battery by linking cells to¬ 
gether in parallel, joining several zincs of several cells 
together, and joining also their copper poles together 
(as suggested ill Art. 192), a different and better result 
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pumihd thr wltolr intrrnul tvHi.stuurr will hr only 1 

" n 

of thr rr»w!fUtrr of tiny crnr file, or will hr r helm* 

by Ohm 1 # law, such a bailrry won hi give an itn 
rumuit 

»iK 

V I K* 


r 


407. Befit Groupingm of Celia —If thr question 
arises an to tin* hr4 way of grouping a given nuinhrr of 
rrlln, It must hr replied that thrrr ant iirvrnd brat wnya 

(1) Uruuphuj fur Ixat Ecunumij t So group thr ee!U that, 
tlirir united intminl iwiatniicr ahull hr very nmall romparrd 
with thr external remstanee. In thin ram* thr inatrrialH of 
thr hattrry will hr ommuned slowly, and tin* rurrrut will 
not hr drawn off at its greatest possible strength ; hut 
there will hr a minimum wtuttu of energy (AH. 4H5). 

(2) Urmipimj fur ymitfsl (Uirrcnt, . It ran hr shown 

umlhr mat inti fy that, for a given hattrry of rolls, thr way 
of grouping thrm that will give thr largest «tmdy current 
■when thry urr rrquimt to work through it givtrn external 

tf 1*1 tn t tt% in it ml M flint thn <* ntuviu */ 


student should verify this rule by taking examples and 
working them out for different groupings of the cells. 
Although this arrangement gives the strongest current it is 
not the most economical; for if the internal and external 
resistances he equal to one another, the useful work in 
the outer circuit and the useless work done in heating the 
cells will he equal also, half the energy being wasted. 

(3) Grouping for quickest Action .—If there are electro¬ 
magnets, or other objects possessing self-induction (Art. 
458) in the circuit, which would tend to prevent the 
' current rising quickly to its proper value, the best group¬ 
ing to cause the current to rise as quickly as possible is one 
that will make the internal resistance higher than the 
external, namely, put all the cells in series (see Art. 460). 

408. Long* and Short Coil Instruments.—The 
student will also now have no difficulty in perceiving why 
a “ long-coil ” galvanometer, or a u long-coil ” electro¬ 
magnet, or instrument of any kind in which the conductor 
is a long thin wire of high resistance, must not be 
employed on circuits where both R and r are already 
small. He will also understand why, on circuits of great 
length, or where there is of necessity a high resistance and 
a battery of great electromotive force is employed, “ short- 
coil” instruments are of little service, for though they 
add little to the resistances, their few turns of wire are not 
enough to produce the required action with the small 
currents that circulate in high-resistance circuits. He will 
understand, too, why “ long-coil ” instruments are here 
appropriate as multiplying the effects of the currents by 
their many turns, their resistance, though perhaps large, 
not being a serious addition to the existing resistances of 
the circuit. The main point to grasp is that it is the 
nature of the line , whether of high resistance or low, which 
determines not only the grouping of the battery, but also 
wliat kind of winding is appropriate in the instruments. 

409. Divided Circuits.—If a circuit divides, as in 
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drawn as shown. The perpendicular at the point of their 
intersection will be the joint resistance K. 

In case there are three or more branches all in parallel, 
as in Fig. 210, the rule may he generalized as follows:— 



r* 


Fig. 200. 



Fig. 210. 


The joint resistance of any number of conductors in parallel 
is the reciprocal of the sum of the reciprocals of the separate 
resistances. 

Kirchhoff has given the following important laws, both 
of them deducible from Ohm’s law :— 

(i.) In any branching network of wires the algebraic sum 
of the currents in all the wires that meet in any 
point is zero. 

(ii.) When there are several electromotive-forces acting at 
different points of a circuit , the total electromotive- 
force round the circuit is equal to the sum of the 
resistances of its separate parts multiplied each into 
the strength of the current that flows through it 

410. Current Sheets.—When a current enters a 
solid conductor it no longer flows in one line hut spreads 
out and flows through the mass of the conductor. When 
a current is led into a thin plate of conducting matter it 
spreads out into a current sheet and flows through the plate 
by stream-lines in directions that depend upon the form of 
the plate and the position of the pole by which it returns 
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•method of substitution of equivalent resistances was further 
developed by Wheatstone, Jacobi, and others, when they 
proposed to employ as a standard resistance a long thin 
wire coiled upon a wooden cylinder, so that any desired 
length of the standard wire might be thrown into the 
circuit by unwinding the proper number of turns of wire 
off the cylinder, or by making contact at some point at 
any desired distance from the end of the wire. This form 
of rheostat was found, however, to be less accurate than 
the resistance coils described below. 

(6) Method of Proportional Deflexion .—The method 
explained above can be used with any galvanometer of 
sufficient sensitiveness, but if a tangent galvanometer is 
available the process may be shortened by calculation. 
Suppose the galvanometer and an unknown resistance R 
to be included in the circuit, as in Fig. 207, and that the 
current is strong enough to produce a deflexion 8 : Now 
substitute for R any known resistance R', which will alter 
the deflexion to 8'; then (provided the other resistances of 
the circuit be negligibly small) it is clear that since the 
strengths of the currents are proportional to tan 8 and 
tan 8' respectively, the resistance R can be calculated by 
the inverse proportion. 

tan S : tan 8’ = R': R. 

(c) Method of Differential Galvanometer .—With a differ¬ 
ential galvanometer (Art. 217), and a set of standard 
resistance coils, it is easy to measure the resistance of a 
conductor. Let the circuit divide into two branches, as 
in Fig. 211, so that part of the current flows through the 
unknown resistance and round one set of coils of the 
galvanometer, the other part of the current being made to 
flow through the known resistances and then round the 
other set of coils in the opposing direction. When we 
have succeeded in matching the unknown resistance by 
one dual to it r m amongst the known resistances, the 
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between those two points. For V = OR, and therefore, for 
tlie same C, the V across any part is proportional to the 
II of that part. We know, for example, that when we 
have gone round the circuit to a point where the potential 
has fallen through half its value, the current has at that 
point gone through half the 
resistances. The best way to 
measure a very large current 
is to measure (with sensitive 
voltmeter arrangement of gal¬ 
vanometer) the drop of poten¬ 
tial it produces when sent 
through a known very low 
resistance such as a strip of platinoid having exactly 
ToW ohm resistance between two measured points. 
To measure a very small resistance, it should he put in 
series with another known very small resistance, and 
the drops of potential when the same current flow's 
through both are compared : the resistance of each being 
as the drop in potential between its ends. 

413. Wheatstone’s Bridge.—This instrument, in¬ 
vented by Christie, and applied by Wheatstone to measure 
resistances, consists of a system of conductors show r n in 
diagram in Fig. 213. This circuit of a battery is made 
to branch at P into two parts, which reunite at Q, so 
that part of the current flows through the point M, the 
other part through the point N. The four conductors 
D, C, B, A, are spoken of as the “ arms ” of the “balance ” 
or “ bridge ” ; it is by the proportion subsisting between 
their resistances that the resistance of one of them can be 
calculated when the resistances of the other three are 
known. When the current which starts from C at the 
battery arrives at P, the potential will have fallen to a 
certain value. The potential of the current in the upper 
branch again falls to M, and continues to fall to Q. The 
potential of the lower branch falls to N, and again falls 
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414. Resistance Coils.—Wires of standard resist¬ 
ance are now sold by instrument-makers under the name 
of Resistance Coils. They consist of coils of some 
alloy, German-silver, platinum-silver, or platinoid (see 
Art. 404), wound with 
great care, and adjusted 
to such a length as to 
have resistances of a de¬ 
finite number of ohms. 

In order to avoid self- 
induction, and the con¬ 
sequent sparks (see Art. 

458) at the opening or 
closing of the circuit, 
they are wound in the peculiar non-inductive manner 
indicated in Pig. 214, each wire (covered with silk or 
paraffined-cotton) being doubled on itself before being 
coiled up. Each end of a coil is soldered to a solid brass 



Fig. 215. 


piece, as coil 1 to A and B, coil 2 to B and 0; the brass 
pieces being themselves fixed to a block of ebonite (form¬ 
ing the top of the “ resistance box ”), with sufficient room 
between them to admit of the insertion of stout well¬ 
fitting plugs of brass. Eig. 215 shows a complete resist¬ 
ance box, as fitted up for electrical testing, with the plugs 
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Fig. 214. 








current flows through, the solid brass pieces and plugs 
without encountering any serious resistance ; but when 
any plug is removed, the current can only pass from the 
one brass piece to the other by traversing the coil thus 
thrown into circuit. The series of coils chosen is usually 
of the following numbers of ohms’ resistance—1, 2, 
2, 5; 10, 20, 20, 50; 100, 200, 200, 500; . . . up 
to 10,000 ohms. By pulling out one plug any one of 
these can be thrown into the circuit, and any desired 



whole number, up to 20,000, can be made up by pulling 
out more plugs; thus a resistance of 263 ohms wall be 
made up as 200 + 50+10 + 2 + 1 by unplugging those 
five coils. 

It is usual to construct Wheatstone’s bridges with some 
balancing resistance coils in the arms A and G, as well as 
w r ith a complete set in the arm B. The advantage of this 
arrangement is that by adjusting A and C we determine 



more, complete scheme, in which resistances of 10, 100, 
and 1000 ohms arc included in Hie arms A and (1. 

tt.mmph'. Suppose wo lm<l a wire wIiohc resistance wo 
know to bo between 4G ami 47 ohms, and wished to 
meiumru tbo fraction of an ohm, wo should insert it at I), 
and make A 100 ohms and (■ 10 ohms ; in that ease I) 
would be balanced by a resistance in JO 10 times as great 
as the wire D. If, on trial, this bo found to be 404 ohms, 
we know that 1) -- 4(M x 10-:- 100 = 46*4 ohms. 

416. Other Patterns of Bridpco.-In practice the 
bridge is seldom or never made, in the. lozenge-shape. of the 
diagrams. 

I *nxt-Office />Yufy/r.—The. resistance-box of Pig, 215 is, 
in itself, a complete “ bridge ” of the Post-Office pattern, 
the appropriate connexions being made by screws at 
various points. In using the bridge the battery circuit 
should always he completed by depressing the key 
before the key K.j of tin* galvanometer circuit is depressed, 
in order to avoid the sudden violent “ throw ” of the 
galvanometer needle, which occurs on (dosing circuit in 
consequence of self induction (Art. 458), * 

Dial Dridge.— To avoid errors arising from the differ¬ 
ent numbers of plugs in use, the coils of a bridge are 
sometimes arranged in dials the units in one, the tens 
of ohms in another, and ho forth — each dial having but 
one plug, or a movable arm like Pig, 200. 

Metre lh'idtft\ - This is a simple form very useful for 
measuring resistances not exceeding a few hundred ohms. 
Upon a long hoard is stretched over a scale one metre 
long a uniform thin wire of Uermamwilver or other alloy, 
its ends being joined to stout pieces of copper. A, B, 0, 
and U are four resistances joined as shown by stout strips 
of copper. When tin* win' from tin 4 galvanometer is slid 
along iln* wire to such a point that there is no current, it 
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ances of the circuit; then add enough resistance r to 
bring down the deflexion to degrees—say 10 degrees 

less than before. Now substitute the standard battery in 
the circuit and adjust the resistances till the deflexion is 
as before, and then add enough resistance r' to bring 
down the deflexion to S 3 . Then 

r':r = E':E, 

since the resistances that will reduce the strength of the 
current equally will be proportional to the electromotive- 
forces. (Not recommended.) 

(b) Potentiometer Method .—If the poles of a standard 
battery are joined by a long thin wire, the potential will 
fall uniformly from the + to the - pole. Hence, by 



making contacts at one pole and at a point any desired 
distance along the wire, any desired proportional part of 
the whole electromotive-force can be taken. This pro¬ 
portional part may be balanced against the electromotive- 
force of any other battery as follows :—Let a uniform 
thin wire of platinoid or German-silver be stretched over 
a scale divided into say 2000 parts. Connect a Clark 
standard cell LC through a sensitive galvanometer, as 
shown in Fig. 218, to make contact at the 1434 division 
of the scale. Then connect a single accumulator cell 
B, or two Daniells, or a Grove cell with a sliding 
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dotiexhm that Uu* current hnn been reduced to half 
what it wan, If thin added resistance in called a, then 
hy Ohm’s law it follows that tin*, internal resistance is 
a ' (H *[• U). Thin method is suitable for very high 
internal resistances. 

(r) Method of Opposition, - Taka two similar cells and 
join them in opposition to one another, ho that they 
send no current of their own. Then measure their 
united resistance just an the reniMtance of a wire is 
measured. The rest'd unce of one cell will he, half that of 
the two. 

(d I Mancc's Method Place, flu* cell itself in one 
arm of the. Wheatstone's bridge, and put a key where, 
the hat (cry usually is, adjust, the resistances till the 
permanent galvanometer deflexion is the name whether 
the key he depressed or not. When thin condition 
of things is attained the battery resistance is balanced 
by those of the other three anna {Not a reliable 
method.) 

(r) Alternate Current Method.-At greater accuracy is 
required in the opposition method, the colls in opposition 
may he placed in one of the arms of a Wheatstone’s bridge 
hi which instead of the usual battery is inserted the 
secondary coil of a small induction coil (without condenser), 
and with which a telephone receiver is used instead of a 
galvanometer. The ceasing of the buzzing in the telephone 
corresponds to util deflexion. By this means we avoid 
the disturbance of the balance of tin* opposing cells 
which occurs if continuous currents are used. This 
method m also excellent for measuring resistances of 
liquids, 

418. Moawumncmt of Capacity.— The capacity 
of a condenser maybe measured hy comparing it with the 
capacity of a stand art l condenser —such as the ?j micro¬ 
farad condense r (Pig. IJW)—iu one of the following 
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resistances so that there is no deflexion on charge or dis¬ 
charge (Fig. 219). Then K 1 :K 2 :: r 2 :r v the larger capacity 
acting as a smaller resistance. 

(d) Potential-divider mil Method .—Two resistances r x and 
r 2 are joined in series to the 4* and - poles of a battery. 
The middle point between r x and r 2 is connected to one 
of the terminals of K 1 and also of K 2 . The free terminals 



of K x and K 2 are momentarily joined to the 4- and — 
poles of the battery respectively and receive charges of 
opposite sign. They are then connected ; and if of equal 
amount the charges will neutralize each other. The 
resistances r x and r 2 are adjusted until this condition is 
satisfied, as shown by nul deflexion when the key of a 
galvanometer circuit across their terminals is depressed. 
Then K x : K 2 :: r 2 : r r 

(e) Tuning-fork Method .—A tuning-fork acting as a 
vibrating two-way switch charges and discharges the con¬ 
denser n times per second, allowing to pass YIO& coulombs 
per second or YK n amperes. The apparent resistance r 
of this combination is 1/K n, and can be measured by a 
Wheatstone bridge, whence K= 1 /nr. 

(/) Loss of Charge Method .—This is the same as the last 
method in Art. 411c, a known high resistance being used. 
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metals the junction is either heated or cooled, according 
to the direction of the current. Thus a current which 
passes through a bismuth-antimony pair in the direction 
from bismuth to antimony absorbs heat in passing the 
junction of these metals, and cools it; whereas, if the 
current flow from antimony to bismuth across the 
junction it evolves heat, and the junction rises in 
temperature. It is clear that if bismuth is positive with 
respect to antimony, any current that may be caused to 
flow from bismuth to antimony is aided by the electro¬ 
motive force at that junction ; whilst any current flowing 
from antimony to bismuth will meet with an opposing 
electromotive-force. In the latter case the current will do 


B A —«« B 



Fig. 220. 


work and heat the junction; in the former the current 
will receive energy at the expense of the junction, which 
will give up heat. In Fig. 220, the feathered arrows at 
the junctions represent the Peltier electromotive-forces, 
and the plain arrows the direction of the current. 

This phenomenon of heating (or cooling) by a current, 
where it crosses the junction of two dissimilar metals 
(known as the ££ Peltier effect,” to distinguish it from the 
ordinary heating of a circuit where it offers a resistance 
to the current, which is sometimes called the ££ Joule 
effect ”), is utterly different from the evolution of heat in 
a conductor of high resistance, for (a) the Peltier effect 
is reversible; the current heating or cooling the junction 
according to its direction, whereas a current meeting with 
resistance in a thin wire heats it in whichever direction 
it flows ; and ( b ) the amount of heat evolved or absorbed 
in the Peltier effect is proportional simply to the current, 
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(i.) The tliermo-electromotive force is, for the same pair of 
metals , proportional (through limited ranges of 
temperature) to the excess of temperature of the 
junction over the rest of the circuit. 

(ii.) The total thermo-electromotive-force in a circuit is the 
algebraic sum of all the separate thermo-electromotive- 
forces in the various parts. 

It follows from this law that the various metals can be 
arranged, as Seebeck found, in a series, according to their 
thermo-electric power, each one in the series being thermo- 
electrically positive (as bismuth is to antimony) toward 
one lower down. 

422. Thermo-electric Power.—In the following 
table is shown the thermo-electric series of metals, together 
with the thermo-electric power of each when cold. The' 
term thermo-electric poiver of a metal means the electro¬ 
motive-force per degree (centig.) for a pair made of that 
metal with the standard metal (lead). In the table the 
numbers are microvolts per degree. 


+ Bismuth . 


89 to 97 

Nickel 


22 

German-silver . 


11*75 

Lead 


0 

Platinum 


. - 0-9 

Copper 


. - 1*36 

Zinc 


. - 2*3 

Iron 


. -17*5 

— Antimony 


. - 22*6 to - 26*4 

Tellurium 


502 

Selenium 


. 800 


A very small amount of impurity may make a great 
difference in the thermo-electric power of a metal, and 
some alloys, and some of the metallic sulphides, as galena, 
exhibit extreme thermo-electric power. 

The electromotive-forces due to heating single pairs 
of metals are very small indeed. If the junction of a 
copper-iron pair be raised 1° C. above the rest of the 
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nt about 4tHI' reverse#, the cur¬ 


rent flowing the oilier way. Fig. #dtow,tt graphically 

the curve?* obtained with iron /me and iron-copper pairs 
when one junction t*» kept a! o’ w Idle the other in heated. 
The dotted line t* f*»r fltr muiounc pair when one junction 
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gram* suggested by Lord Kelvin and constructed by 
Professor Tail. In that given in Fig. 223 the horizontal 
divisions represent the te.mpemtnroH ; the vertical dis¬ 
tances indicating the thermo-electric power, in microvolts 
per degree, These powers are, measured with respect to 
tlte metal lead, which in taken uh the, standard of zero at 
all temperatures, because, while, with other metals there 



Fig. 223, 

appears to be a di tie re nee of potentials between the metal 
hot and tin* sumo metal cold, hot lead brought, into 
mutant with eold lead shows no pereeptible thermo 
electric. dilferemv. 

An example will illustrate the usefulness of the dia¬ 
gram. Let a circuit la* made by uniting at both endi a 
piece of irmi and a piece of copper; and let the two 
junctions be kcnt at O'* and 100“ reBoeetivelv bv mcdiintf 
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galena battery of 120 pairs affording a strong current; 
but it is extremely difficult to maintain tbem in effective 
action for long, as they fail after continued use, probably 
owing to a permanent molecular change at the junctions. 
In the hands of Melloni the thermo-electric pile or ther¬ 
mopile, constructed of many small pairs of antimony 
and bismuth united in a compact form, proved an ex¬ 
cellent electrical thermometer when used in conjunction 
with a sensitive short-coil astatic galvanometer. For the 



detection of excessively small differences of temperature 
the thermopile is an invaluable instrument, the currents 
being proportional to the difference of temperature 
between the hotter set of junctions on one face of the 
thermopile and the cooler set on the other face. The 
arrangement of a thermopile with the old astatic galvano¬ 
meter is shown in Fig. 225. 

A still more sensitive arrangement for detecting 
minute heating due to radiation consists in suspending 
between the poles of a powerful magnet a closed circuit 


pro|H>aed i4 thermo - on thin plan ii 

1835. 
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getiemlii a current in the loop ami give a defies lot* t»v* 
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CHAPTER VIII 


heat, power, and light, prom electric currents 
Lesson XXXVI .—Heating Effects of Currents 

426. Heat and Resistance.—A current may do 
work of various kinds, chemical, magnetic, mechanical, 
and thermal. In every case where a current does work 
that work is done by the expenditure of part of the 
energy of the current. We have seen that, by the law of 
Ohm, the current produced by a given battery is dimin¬ 
ished in strength by anything that increases the external 
resistance. But the current may be diminished, in 
certain cases, by another cause, namely, the setting up 
of an opposing electromotive-force at some point of the 
circuit. Thus, in passing a current through an electro¬ 
lytic cell (Art. 237) there is a diminution due to the 
opposing electromotive-force (“ polarization ”) which is 
generated while the chemical work is being done. So, 
again, when a current is used to drive an electric motor 
(Art. 443), the rotation of the motor will itself generate 
a back E.M.F., which will diminish the current. What¬ 
ever current is, however, not expended in this way in 
external work is frittered, down into heat , either in the 



circular railway should go round for ever if it were not 
stopped by friction. When matter in motion is stopped 
by friction the energy of its motion is frittered down by 
the friction into heat. When electricity in motion is 
stopped by resistance the energy of its flow is frittered 
down by the resistance into heat. Heat, in fact, appears 
wherever the circuit offers a resistance to the current. 
If the terminals of a battery be joined by a short thick 
wire of small resistance, most of the heat will be de¬ 
veloped in the battery and so wasted ; whereas, if a thin 
wire of relatively considerable resistance be interposed in 
the outer circuit, it will grow hot, while the battery itself 
will remain comparatively cool. 

427. Laws of Development of Heat: Joule’s 
Law.—To investigate the development of heat by a 

current, Joule and Lenz 
used instruments on the 
principle shown in Fig. 
226. A thin wire joined 
to two stout conductors is 
enclosed within a glass 
vessel containing alcohol, 
into which also a ther¬ 
mometer dips. The resist¬ 
ance of the wire being 
known, its relation to the 
other resistances can be 
calculated. Joule found 
that the number of units 
of heat developed in a conductor is proportional— 

(i.) to its resistance ; 

(ii.) to the square of the strength of the current; 
and 

(iii.) to the time that the current lasts. 

The equation expressing these relations is known as 
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JOULE’S LAW 


487 


whore 0 is the current in amperes, It the resistance in 
ohms, i the time in seconds, and U the heat in calories ; 

calorie being the amount of heat that will mine 
1 gramme of water through 1" (J. of temperature 
(Art 281). 

Thin (‘([nation in equivalent to the statement that a 
current of one ampere jUncituj through a resistance of one 
ohm develops therein 0*24 calories per second. The proof 
<d this rule is given in Art. 431). The heat produced 
thus by the degradation of energy in a resistance is 
sometimes called the “ ohmic ” heat to distinguish it 
from the reversible Peltier effect (Art. 420). 

The electric unit of heat, the joule, is only 0*24 of an 
ordinary heat-unit or caloric, and 1 calorie will he equal 
to 4*2 joules. 

The second of the above laws, that the heat is, cairn's 
parihm, proportional to the square of the strength of the 
current, often puzzles young students, who expect the 
heat to be proportional to the current simply. Such 
may remember that the consumption of zinc is, mUris 
parihm, also proportional to the square of the current ; 
for, suppose that in working through a high resistance 
(so as to get all the heat developed outside the battery) 
we double the current by doubling the number of battery 
cells, there will he twice as nmeh zinc consumed as before 
in each cell, and as there are twice as many cells as at 
first the consumption of zinc is four limes as great as 
before. 

428. Favro’s Experiments, I'iivvc made a series of most 
important experiments on the relation of the energy of a current 
to the heat it develops. He ascertained that the number of 
calories evolved when 33 grammes (1 equivalent) of zinc are 
dissolved in dilute sulphuric acid (from which it causes hydrogen 
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Since the resistance of metals increases as they rise in 

temperature, a thin wire heated by the current will resist 
more, and grow hotter and hotter until its rate of loss of 
heat by conduction and radiation into the surrounding air 
equals the rate at which heat is supplied by the current 

The following pretty experiment illustrates the laws 
of heating. The current from a few cells is sent through 
a chain made of alternate links of silver and platinum 
wires. The platinum links glow red-hot while the silver 
links remain comparatively cool. The explanation is 
that the sped tic resistance of platinum is about six times 
that of silver, and its capacity for heat about half as 
great; hence the rise of temperature in wires of equal 
thickness traversed by the same current is roughly twelve 
times m great for platinum as for silver. 

Thin wires heat much more rapidly than thick, the 
rim of temperature in different parts of the name mre 
(carrying the same current) would /*?, for dliferent thick¬ 
nesses, inversely proportional to the fourth power of the 
diametm if they had equal surfaces for radiation. 

Thus, suppose a wire at any point to become reduced 
to half its diameter, the cross-section will have an area 
| m groat as in the thicker part. The resistance here 
will be 4 times as great, and the number of heat units 
developed will be 4 times as great as in an equal length 
of the thicker wire. But 4 times the amount of heat 
spent on | the amount of metal would warm it to a 
degree HI times as great: and the thin wire has only half 
as much surface for getting rid of heat But the hotter a 
body becomes the more freely does it radiate bent to things 
around it For wires of given material, the current 
needed to raise them to an equal temjierature varies m 
the square root of the cube of the diameter. This law 
applies to tlm sizes of wires used as safety «fum in electric 
liuhtink'. These are nieces of tin wire internoMed in the 
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produce currents of many hundred amperes at a pressure 
of a few volts. 

A singular effect is noticed when two iron rods 
connected to the poles of a powerful source at 50 or 
more volts are dipped into water. The rod which serves 
as kathode is observed to be covered with a luminous 
layer, and it presently becomes red-hot. Guthrie, who 
first investigated this phenomenon in 1876, ascribed the 
heating to the resistance of a film of hydrogen. Recently 
it has been made the basis of a welding method. 

434. Electric Cooking 1 .—Since public supplies of 
electricity became common, electric stoves, ovens, and 
heaters for cooking, stewing, etc., have become articles of 
commerce. The heating is effected by passing currents 
through resistance wires embedded in cement or other 
suitable insulating material. 


Lesson XXXVII .—Electric Energy: its Supply and 
Measurement 

435. Electric Energy.—An electric current con¬ 
veys energy from a battery or dynamo to some other 
part of tire circuit, where it is transformed back into 
work,—mechanical, chemical, or thermal work. We 
must inquire into this electrical energy, and into the 
rate at which it is generated or transformed. 

Power is the rate at which energy is being received or 
spent. It may be expressed in foot-pounds per second 
or in ergs per second. James Watt considered a horse 
capable on the average of working at the rate of 550 foot¬ 
pounds per second (against gravity). As 1 foot = 30*48 
centimetres, and the force of 1 lb. (=453*6 grammes x 981) 
= 445,000 dynes nearly, it follows that 1 horse-power is 
worth 7,460,000,000 (or 746 x 10 7 ) ergs per second . 

If a quantity of electricity Q is moved through a 
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438. Intake and Output of Power. — At any 
generator battery, dynamo, or thermopile, power is taken 
in to the electric circuit. At any motor or lamp, or at 
any part in the, circuit where chemical work (electro¬ 
plating, decompoKing gases, or charging accumulators) is 
being done or at any place, where beat is being evolved, 
power is being given out by the electric circuit. At 
every place where energy is coming in to the circuit 
there will be an electromotive-force in the same direction 
m the current, ami helping to drive it. At every part 
where energy is being given out by the circuit there, will 
be an electromotive-force in a direction opposed, to the 
current.* The word output.,^ as applied to dynamos, etc., 
means the number of waffs or kilowatts which, fhe 
machine supplies or can supply, 
capable of supplying 300 am¬ 
peres “ at, ” 100 volts (meaning 
with an available E.M.R of 100 
volts) is said to have an output 
of 30 kilowatts, 

437. Power - Measure¬ 
ment.*— To measure the power 
given electrically to any part ah 
of a circuit by an unvarying 
current, it suthees to measure 
the current with an awpcn-mdn 
(Art, *221), and the potentials across the part with a 
mltmder (Arts. 220, 200), the latter being of course con- 

* C*«iitnlclctr the mechanical analogue of transmission of power from one 
u* another policy by a bolt. Thu effort In the driving pulley is 
in ib*» same direct ion as the motion of the lmlt. The effort in the driven 
pulley In opposed in direction to the motion. (Bee also Art. 248.) 

Thbi fundamental principle accounts for the back-eleetromotive-forees 
idmerved in motors, and In accumulators while twin# charged. Because 
t »f tt w«i know (Art. inn) that the scat of the main clectromottve-foren in a 
cell l« at the mirftica of the zinc, and that (Art. 422) bismuth is 


For example, a dynamo 




nected as a shunt as in Pig. 228. The product of volts 
and amperes gives the watts. Or a wattmeter may be 
used as below. 


438. Wattmeters.—The product of amperes and 
volts may be measured directly by means of a wattmeter. 
This name is given to a variety of electrodynamometer 
(Art. 394) in which the fixed and movable coils constitute 
two separate circuits, one being a thick wire of low resist- 
T y ance to carry the amperes , the 

other being, or including, a 
thin wire of high resistance (as 
in voltmeters) to receive a cur¬ 
rent proportional to the volts. 
The latter circuit is to be con¬ 
nected as a shunt to the part 
ab of the circuit in which the 
supplied power is to be 
measured. In Fig. 229, as in 
Fig. 228, the part ab is an arc- 
The auxiliary resistance r is introduced into the 
circuit of the instrument, the whole current 



Fig. 229. 


lamp, 
thin-wire 

flowing through the thick-wire circuit. 

Wattmeters are made both on the pattern of Siemens’s 
dynamometer (Art. 395) and on that of Kelvin’s balances 
(Art. 396). 

When power - measurements have to be made on 
alternate-current circuits, separate instruments must not 
be used, as in Art. 437, to measure volts and amperes. 
For, owing to the differences of phase (Art. 472) between 
voltage and current, the apparent watts } got by multi¬ 
plying the separate readings, will be in excess of the true 
watts as measured by a wattmeter. 

439. Power wasted in Heating.—If a current C 
is driven through a resistance B, the volts needed will 
(by Ohmi’s law) be y __ ^ 





Substitute for V its value as above, and we bave 

Watts wasted = CY = C 2 R = Y 2 /R. 

Or, if the expenditure goes on for t seconds, the amount 
of energy turned into heat (joules) will be 

Energy = Q Y = GtY = C 2 Ri 

The nett power of a dynamo or battery is always less 
than its gross power, because of internal resistance. If r 
be the internal resistance, and E the whole electromotive- 
force, the nett or available volts Y = E - O. The gross 
power will be EC watts. But the nett power will be 
VC = EC — G 2 r. Or, the available watts equal the total 
watts generated, less the watts wasted in internal 
heating. 

To prove Joule’s law of beating as given in Art. 427, it may be 
remembered that the mechanical equivalent of heat is 42 million 
ergs to 1 calorie (Joule’s equivalent), or W=JU, where W is the 
work in ergs, U the heat in calories, and J = 4*2xl0 7 . Hence 
U = C 2 K£/J. But to reduce the work to ergs we must multiply 
C S R£ by 10 7 ; whence U=C 2 Rtf x 0*24. 

440. Distribution of Electric Energy.—Electric 
energy is now distributed on a large scale for lighting, 
motive power, and heating. Large Central Stations or 
Power-houses are erected at convenient spots, with steam- 
engines or turbines (if water-power is available) to drive 
generating machinery (dynamos and alternators). From 
the power-house distributing mains of copper go out, con¬ 
sisting of feeders leading into the network of conductors 
that runs from house to house. 

Supply systems may be classified according to whether 
they operate at a low voltage (or low pressure), i.e. from 
100 volts (or under) to 300 volts ; high voltage , i.e. from 
300 to 3000 volts ; or extra high voltage , over 3000 
volts. The low-voltage systems generally use continuous 

rvnrrpnta f.hp Tiicrh - voltncrp. avstpms orpuerallv fhnt not 
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of it is passed through an electrolytic cell, there to 
deposit copper (Edison’s method) or dissolve zinc 
(JehPs improved Edison). The amount of chemical 
action is proportional to the ampere-hours. 

(b) Integrating Meters .—A uniformly-going clock drives 

a counting apparatus through an intermediate gear 
operated ^hy the current (or by the watts), this 
intermediate gear being such that when current is 
small counting is small, when current large count¬ 
ing is large. An integrating disk-and-roller, or 
an integrating cam, is a usual mechanism, its 
operation being controlled by the motion of an 
ampere-meter or wattmeter. 

( c ) Motor Meters .—If the current passes through the 

armature of a small motor (Art. 443) having a con¬ 
stant field, and having its speed controlled purely 
by fluid friction (by a fan) or by eddy-current 
friction (in a copper conductor revolving between 
magnet poles, Art. 457), its speed will at every 
instant be proportional to the current Hence 
such a motor attached to a suitable counting-train 
of wheels will serve as a meter, the total number 
of revolutions being proportional to the ampere- 
hours. In Perry’s meter (1893) the revolving part 
is a copper bell immersed in mercury, revolving 
around a central magnet pole (as the wire does in 
Pig. 201), and surrounded by an external S-pole 
with ribbed projections to promote eddy-currents. 
In Shallenberger's meter for alternate currents 
the motor drives a fan. In Elihu Thomson’s 
meter, which records the watt-hours, the revolving 
armature is of fine wire and high resistance, con¬ 
nected as shunt, while the fixed coils that serve as 
field-magnet take the whole current supplied. So 
the torque is proportional to the watts; while a 
copper disk revolving between magnet poles, by its 



(d) Retarded Clocks .—Current may be made to act 
upon the rate of a clock, by flowing in a coil 
under the pendulum bob if the latter is a magnet. 
Any force added thus to gravity or subtracted 
from it will cause the clock to gain or lose. 
Ayrton and Perry proposed to measure the supply 
by the total time gained or lost by a clock. In 
Aron’s meter, of which this is the principle, there 
is a double clock with two pendulums, only one 
of which is acted on by the current. A train of 
counting wheels is geared to record the difference 
between the two. 


Lesson XXXVIII .—Electric Motors (.Electromagnetic 
Engines) 

443. Electric Motors.—Electromagnetic engines, 
or motors , are machines in which the motive power is 
derived from electric currents by means of their electro¬ 
magnetic action. In 1821 Earaday showed a simple case 
(Art. 393) of rotation produced between a magnet and a 
current of electricity. Barlow produced rotation in a 
star-wheel, and Sturgeon in a copper disk, when traversed 
radially by a current while placed between the poles of 
a horse-shoe magnet. In 1831 Henry, and in 1833 
Ritchie, constructed small engines producing rotation by 
electromagnetic means. Fig. 230 shows a modification 
of Ritchie’s motor. An electromagnet DC is poised upon 
a vertical axis between the poles of a fixed magnet (or 
electromagnet) SN. A current, generated by a suitable 
battery, is carried by wires which terminate in two 
mercury-cups, A, B, into which dip the ends of the coil 
of the movable electromagnet CD. When a current 
traverses the coil of CD it turns so as to set itself in the 



to the opposite, so that, at the moment when C approaches 
S, the current in CD is reversed, and C is repelled from 
S and attracted round to N, the current through CD 
being thus reversed every half turn. In larger motors 
the mercury-cup arrangement is replaced by a commutator 
(devised by Sturgeon), consisting of a copper tube, slit 
into two or more parts, and 
touched at opposite points by 
a pair of metallic springs or 
“ brushes ” 

In another early form of 
motor, devised by Froment, 
bars of iron fixed upon the 
circumference of a rotating 
cylinder are attracted up to¬ 
wards an electromagnet, in 
which the current is automati¬ 
cally broken at the instant 
when each bar has come close 
up to its poles. In a third 
kind, an electromagnet is made 
to attract a piece of soft iron 
alternately up and down, with 
a motion like the piston of a 
steam-engine, which is con¬ 
verted by a crank into a rotatory motion. In these cases 
the difficulty occurs that, as the attraction of an electro¬ 
magnet falls off rapidly at a distance from its poles, the 
attracting force can only produce effective motion through 
very small range. Page from 1838 to 1850 designed 
various motors, in some of which iron plungers were 
sucked into hollow tubular coils of wire in which currents 
were caused to circulate at recurring intervals. 

In 1839 Jacobi propelled a boat along the river Keva 
at the rate of miles per hour with an electromagnetic 
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Fig. 230. 
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(watts) imparted to the armature are 
OK <W'\\ 


where n in revolutions })er second, T the torque, and a a 
coenU’ienl depending on the units chosen. 

If the armature current is supplied from mains at con¬ 
stant voltuge, strengthening the magnetic held has the 
client of slowing speed, for equal power ; and weakening 
the held quickens the speed. Alternate-current motors 
are <1 escribed in Arts. 4 8*1 to 480 . 

445. Efficiency of Motors. — Tf an ampere-meter 
hes included in the circuit with a hattcry and a motor, it 
is found that the current is weaker when the motor is 
working than when the motor is standing still, and that 
the faster the motor runs the weaker does the current 
become. This Is due to the E.M.F. generated in the 
revolving armature of the motor, which necessarily (Art 
430) opposes the current. If the motor only exerts a 
small hack electromotive-force it cannot utilize much of the 
power of the current. If V he the volts at which the 
current is supplied, and E the counter-electromotive-force 
generated by the motor, and 0 the current, then VO « 
gross power supplied, KO » nett power utilized; and 
dividing the latter by former wo get, as the electrical 


t'Jjlcumen of the motor, the ratio 


E 

v’ 


Hupped V - 100 volts and K = 90 volts, the 
olHeUmcy will be 00 per cent. 


To uiako tlio ollWenoy iw high m possible the. motor 
nhoulil bo ho iimmgcil (either by Htrongtlioning it« mag- 
nutio. Hold, or by lotting it run fiwtor) that E ia very 
uoarly iicpm! to V. In that caws tbo motor will utilize 
Hourly all tbo energy tliat flown to it. But sinee, by 
Ohm’s law, tbo ourront m « (V-E )/r, where r is tlie 


a small fraction of what it would be if the motor were at 
rest. The diagram (Fig. 231) makes the matter plainer. 
Let the line OY represent by its length the volts of 
supply V, and let OE represent the volts generated in 
the armature, proportional to speed and to field. On 
OY describe the square OYWX, and 
draw the diagonal and the lines EH, 
KL. Then the area EYWH is pro- 
portional to the gross power, being 
/ lip y ( V “ ®)j an< l area GJLXH is propor- 

/ |||| tional to the nett power, being 

^m E(Y — E). These two areas become 
O LX more nearly equal, though both be- 

Pig. 231 . come small, when E is increased to 

be nearly equal to Y. The area 
GLXH, the nett output of the motor, is a maximum when 
E = |-V; but then the efficiency would be only 50 per 
cent. 

The fact that when E is small the current is enormous 


is of great advantage in the starting of motors ; for at 
starting the great rush of current (which would destroy 
them if it lasted) produces a great torque, and the motoi 
soon gets up speed and so cuts down the current to the 
working amount. 


440. Electric Locomotion.—Motors placed on can 
or on separate locomotives can propel them singly or ir 
trains provided the requisite power is supplied. This 
may be done in several ways :— 

(a) A battery of charged accumulators is carried or 
the car. 


(b) Current is furnished from a power-house, at some 
convenient point, to the rails on which the cars 
run, and which act as outgoing and return con¬ 
ductors, and are insulated. The cars (which have 
insulated wheels) pick up their currents from the 
rails. 


rail insulated from earth. From this the current 
is picked up by the car, the ordinary rails being 
used as return conductor. 

(d) Current is furnished from a power-house to an 
overhead line, with which the car makes contact 
as it runs by means of a trolley-wheel fixed on a 
long rod above the car. 

Method (a) is not economical, owing to weight of 
accumulators. Plan (6) is the one used by Siemens in the 
first electric tramway put down, in Berlin, in 1879. Plan 
(c) is used in several heavy electric railroads in England, 
to furnish current to locomotives of 200 to 400 horse¬ 
power. Plan (d) is used for tramways chiefly in the 
United States, where there are now (1894) thousands of 
miles of light roads so equipped. 

447. Electric Transmission of Power.—Power 
may be transmitted to great distances electrically from a 
generator at one end of the circuit to a motor at the other. 
A mountain stream may be made to turn a turbine which 
drives a dynamo or alternator, the currents from which 
are conveyed to some centre of population by insulated 
wires to the motor which reconverts the electrical power 
into mechanical power. Scores of such examples are now 
at work. In the striking demonstration at Frankfort, in 
1891, 140 horse-power was conveyed from the Falls of the 
Neckar at Lauffen, 117 miles away, through three wires 
only 4 millimetres in diameter, with a nett efficiency of 
7 4 per cent, including all losses. 

Fig. 232 illustrates the case of a simple transmission 
between two machines. In one the electromotive-force 
drives the current, in the other the electromotive-force 
opposes the current. The first acts as generator (by the 
principle of Art. 436), the second as motor. If their 
respective electromotive-forces are E x and E 2 the electrical 
efficiency of the transmission is the ratio Eg/E^ 
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ejlMeney being Vm/V<i ■* 40 per eenl„ Now mippoHC 
Vu inemtHod to 2000 volts, uiul Vm to 1400. Vu - Vm -- 
OOt), an before. (! 0 amperes, ns before. (j-H loss is 

*0100 watts, an before, But wat t h Hunt in are now 12,000 
(over 10 U.l*.), mul the watts delivered are 8400 
(U| If. It). Whilst thu eiliuieno.y in now 70 per cent. 

It Ih therefore dear that hitjh voltay* in the secret of 
huccohh in the electrical transmission of energy, whether 
for lighting or power, to long distances. In the traim- 
minaion of energy from the Kalla of Tivoli to light the 
city of Homo aixtorn miles away, a pressure of 5000 volts 
is BUotVHHfully used, In the scheme for utilizing the 
power of Niagara Kalin, now on the way, a voltage of 
30,000 in proponed. 


Lkhhon XXXIX. -—Nfoiric L'ujht 

443* Tho Blcotrlo Arc.—-If two ] min l ed pianos of 
carbon am joined by wires to tho terminals of a powerful 
voltaic battery or other generator of electric currents, and 
are brought into contact for a moment and them drawn 
apart to a short distance, a kind of electric flame' called 
the Are or u voltaic ” arc is produced between the points 
of mrhon, and a brilliant light is emitted by the white- 
hot points of the carbon electrodes. This phenomenon 
was first noticed by Humphry Davy in 1800 , and its ex¬ 
planation appears to be the following before contact 
the difference of potential between the points is insuflicient 
to pitrmit a spark to leap across even j 0 ( \ 0 ^ of an inch of 
idr spare, hut when the carbons are made to touch, a 
current in established. On separating the carbons the 
spark at parting volatilizes a small quantity of carbon 
between the points. ( lari von vapour being a partial con¬ 
ductor allows the current to continue to flow across the 
gap, provided it be not too wide j but as the carbon 

















weaker currents or smaller electromotive-forces it is im¬ 
practicable to maintain a steady arc. For search-lights 
on board ship and for lighthouses, arc lights of greater 
power are produced by using thicker carbons and supply¬ 
ing them with currents of 20 to 100 or more amperes. 
The common size of carbon rod in use is 10 or 11 
millimetres in diameter: the consumption is roughly 
1 inch per hour, the + carbon consuming much faster 
than the — carbon. The internal resistance of the 
ordinary Daniell’s or Leclanch^s cells (as used in tele¬ 
graphy) is too great to render them serviceable for pro¬ 
ducing arc lights. A battery of 40 to 60 Grove’s cells (Art. 
182) is efficient, but will not last more than 2 or 3 hours. 
A dynamo-electric machine (such as described in Arts. 
461 to 469), worked by a steam-engine, is the generator 
of currents in practical electric lighting. The quantity of 
light emitted by an arc lamp differs in different directions, 
the greatest amount being emitted (when the H- carbon is at 
the top) at an angle of about 45° downwards. Most of it 
comes from the white-hot crater, very little from the nega¬ 
tive point. In the alternate-current arc the carbon points 
are alike and emit equal light. The current must not 
alternate more slowly than 40 periods per second. The 
total quantity of light emitted, when the current is 
supplied at a fixed voltage, is not quite proportional to 
the current, but increases in a somewhat higher ratio. 
Doubling the current makes rather more than twice as 
much light. 

449. Arc Lamps.—Davy employed wood charcoal 
for electrodes to obtain the arc light. Pencils of hard 
gas-carbon were later introduced by Foucault. In all the 
more recent arc lamps, pencils of a more dense and homo¬ 
geneous artificial coke-carbon are used. These consume 
away more regularly, and less rapidly, but still some 
automatic contrivance is necessary to push the points of 
the carbons forward as fast as needed. The mechanism 
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lamps have also been, devised in which the weight of the 
carbon-holders drives the clockwork mechanism. Of this 
class was Serrin’s lamp, which from 1855 to the present 
time has been largely used for lighthouses, and for the 
optical lantern. 

(b) Brake-wheel Lamps .—Another mechanism for regula¬ 
ting the rate of feeding the carbon into the arc consists in the 
addition of a brake-wheel; the 
brake which stops the wheel being 
actuated by an electromagnet 
which allows the wheel to run 
forward a little when the resist¬ 
ance of the arc increases beyond 
its normal amount. In Fig. 235 
B is the brake-wheel, L the lever 
which governs it, C an iron core 
of the coil S inserted in the 
circuit. When current is switched 
on, the core is drawn up, causing 
L to grip B and turn it a little, 
so parting the carbons and strik¬ 
ing the arc. 

(c) Solenoid Lamps .—In this 
class of arc lamp one of the car¬ 
bons is attached to an iron 
plunger capable of sliding verti¬ 
cally up or down inside a hollow 
coil or solenoid, which, being 
traversed by the current, regulates 
the position of the carbons and the length of the arc. 
Siemens employed two solenoids acting against one 
another differentially, one being a main-circuit coil, the 
other being a fine-wire coil connected as a shunt to the 
arc. The shunt coil acts as a voltmeter to watch the arc 
and feed the carbons forward when the volts rise above 
the normal, it being set to control the feeding mechanism. 




of employing a clutch to pick up the upper carbon- 
holder, the lower carbon remaining fixed. In this kind 
of lamp the clutch is worked by an electromagnet, through 
which the main current passes. If the lamp goes out the 
magnet releases the clutch, and the upper carbon falls by 
its own weight and touches the lower carbon. Instantly 
the current starts round the electromagnet, which causes 
the clutch to grip the carbon-holder, and raise it to the 
requisite distance. Should the arc grow too long, the 
lessening attraction on the clutch automatically permits 
the carbon-holder to advance a little. 

(e) Motor Lamps .—Sometimes little electric motors are 
used to operate the carbons automatically. 

450. Grouping- of Arc Lamps.—If the condition 
of supply is constant voltage the arc lamps must be set in 
parallel ; if the arc lamps are to be run in series , the 
same current flowing im succession through each of the 
lamps, then the supply must be of a current of unvarying 
strength. In this case a shunt circuit is necessary 
in each lamp. 

451. Electric Candles.—To obviate the 
expense and complication of such regulators, 
electric candles have been suggested. Fig. 236 
depicts Jablochkoff’s candle , consisting of two 
parallel pencils of hard carbon separated by a 
thin layer of plaster of Paris and supported in an 
upright holder. The arc plays across the summit 
between the two carbon wicks. In order that 
both carbons may consume at equal rates, alter¬ 
nating currents must be employed. 

452. Incandescent Lamps or Glow- 
Lamps.—Arc lamps of an illuminating power 

Fi<* 236 ^ ess ^ an candles are very unsteady and 
°* * uneconomical. For small lights it is both simpler 

and cheaper to employ a thin continuous wire or filament 
of some infusible conductor, heated to whiteness by 




have repeatedly been suggested for this purpose, but 
they cannot be kept from risk of fusing. Iridium wires 
and thin strips of carbon have also been suggested 
by many inventors. Edison in 1878 devised a lamp 
consisting of a platinum spiral combined with a short- 
circuiting switch to divert the current from the lamp 
in case it became overheated. Swan in February 1879 
publicly showed a carbon wire lamp in a vacuous 
bulb. Edison in October 1879 devised a vacuum lamp 
with a coiled filament made of lamp black and tar 
carbonized. Swan in January 1880 prepared filaments 
from cotton thread parchmentized in sulphuric acid, and 
afterwards carbonized. Edison in 1880 substituted aflat 
strip of carbonized bamboo for a filament. Lane Fox in 
1879 used prepared and carbonized vegetable fibres. 
Crookes used a filament prepared from silk or vegetable 
matter parchmentized with cuprammonic chloride. 

Modern glow-lamps mostly have thin carbon wires 
prepared from parchmentized cellulose, which is then 
carbonized in a closed vessel. Sometimes the filaments 
are “ flashed ” over with surface carbon by being moment¬ 
arily heated electrically in a carbonaceous atmosphere. 
They are mounted upon platinum supports in a glass 
bulb through which the platinum wires pass out, and into 
which they are sealed, the bulbs being afterwards ex¬ 
hausted of air and other gases, the vacuum being made 
very perfect by the employment of special mercurial 
air-pumps. The bulbs should be heated during exhaus¬ 
tion to drive out residual gases. Carbon is the only 
suitable material for the conductor because of its superior 
infusibility and higher resistance. It also has the 
remarkable property, the reverse of that observed in 
metals, of offering a lower resistance when hot than 
when cold. Two common forms of glow - lamp are 
shown in Fig. 237 : the typical form used by Swan in 
England, and the typical form perfected by Edison in 
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453. Grouping- of Glow-Lamps.—Glow-lamps 
are usually grouped in parallel (Fig. 238) between mains 
kept at constant voltage. A common value for the 
difference of potential 
between the + and - 
mains is 100 volts. The 
current in the mains 
subdivides and flows 
through each lamp in¬ 
dependently. When any lamp is switched on it does not 
diminish the current in the others, but by opening an 
additional path simply causes proportionately more current 
to flow from the source of supply. The method of 
grouping in series (Art. 168) is seldom used for glow- 
lamps ; each lamp then requires an automatic cut-out to 
prevent the rest of the row from being extinguished in 
ease one lamp goes out. 

Three-wire systems, in which a third or neutral wire is 
introduced between the + and the — main, have been 

devised to enable 
higher voltages to be 
used, and thereby 
enable twice as many 
lamps to be lit with 
little additional ex¬ 
penditure in copper. 
To render the lamps 
on one side of the 
circuit (Fig. 239) independent of those on the other, 
in case an equal number do not happen to be switched 
on at the same time, the middle wire (which only need 
be thick enough to carry a current equal to the difference 
between the currents in the two outer wires) is carried 
back to the station and kept at mean potential between the 
two outer wires by the use of two dynamos instead of one. 



Fig. 239. 



Fig. 238. 
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in denoted for brevity by the symbol IVT. If the primary 
and secondary roils are not ho arranged that all the mag¬ 
netic lines due to tbe one pass through the npimls of the 
other, then M will have a Iohh value than dTrfyN^/M. 

The praetieul unit for eoollieiimt# of mutual induction 
in the name an for those of self-induction, namely tbo 
ht'.nnj (Art. &M), and in I0 9 O.U.8. units. Ilenco to 
bring M to henries we must divide the above value by 10 9 . 

If the. current in the primary in varying' at the rate 
d<'/(It, the electromotivedbree thereby induced in the 
Hecoudary circuit will he, 

K ‘M.tK'/tlf, 

where E will he in volt# if M in expressed in henries, 0 
in amperes, and t in seconds. 

The value of M for the nmnll induction coil a used in 
telephone work in UHually about 0*01 henry ; for a 
ItuhmkorfF coil capable of giving a npark 10 centimetres 
long it may he tw much as 5 henries. 

Kmmftffi. - Bnpimts In a ipark-eoil the value of M is 8 henries, 
and the primary current tshauges by an amount of 1 
am|H!rc In «m« ten-thousandth of a second (owing to the 
quick-acting break), tbo electromotive*force induced 
In the secondary during that ten-tbouHandtb of a second 
will he HO,000 Volta* 

To measure a coefficient of mutual induction, there are 
several methods, Home of which depend on the use of Whoat- 
ntone’g bridge ; but the bent method is one due to Oarey 
Foster. In this the quantity of electricity discharged 
from a condenser of known capacity K shunted by a re¬ 
sistance p in the primary circuit is balanced against the 
quantity discharged in tbe secondary circuit by regulating 
a xamiatance q in tbe latter. Then M lvjjw/. 

466, Induced Currents of Higher Orders.— 



strength of the secondary current could induce tertiary cur¬ 
rents in a third closed circuit, and that variations in the 
tertiary currents might induce currents of a fourth order, 
and so on. A single sudden primary current produces 
two secondary currents (one inverse and one direct), each 
of these produces two tertiary currents, or four tertiary 
currents in all. But with alternating or periodic there 
are the same number of secondary and tertiary fluctua¬ 
tions as of primary ; but the currents of the second, 
fourth, etc. orders will be inverse in the direction of their 
flow to those of the first, third, fifth, etc. 

456. Lenz’s Law.—In Art. 223 it was explained 
how an increase in the number of magnetic lines through 
a circuit (as by pushing in a magnet) tended to set up an 
inverse current, or one flowing in such a direction as is 
opposed to the magnetism. Similarly a decrease in the 
magnetic lines (as by withdrawing the magnet) tends to 
set up currents that will pull the magnet back. Again, 
in Art. 379, it was laid down that a circuit traversed by 
a current experiences a force tending to move it so as to 
include the greatest possible number of magnetic lines-of- 
force in the embrace of the circuit. But if the num¬ 
ber of lines be increased, during the increase there 
will be an opposing (or negative) electromotive-force set 
up, which will tend to stop the original current, and 
therefore tend to stop the motion. If there be no cur¬ 
rent to begin with, the motion will generate one, which 
being in a negative direction, will tend to diminish the 
number of lines passing through the circuit, and so stop 
the motion. Lenz, in 1834, summed up the matter by 
saying that in all cases of electromagnetic induction the in¬ 
duced currents have such a direction that their reaction tends 
to stop the motion which produces them . This is known as 
Lenz’s law: it is a particular case of the more general 
law applicable to all electromagnetic systems, namely, 
that every action on such a system , which f in producing a 


tion of energy , sets up reactions tending to preserve unchanged 
the configuration or state of that system. (Compare Arts. 
204 and 379.) 

457. Eddy-Currents Induced in Masses of 
Metal.—In 1824 Gambey found that a compass-needle 
oscillating in its box came to rest sooner if the bottom of 
the box were made of metal than if of wood. Arago in¬ 
vestigated the matter, and found a copper plate under 
the needle most effective in damping its motions. He 
then rotated a copper disk in its own plane underneath a 
compass-needle, and found that the needle was dragged 
round as by some invisible friction. A copper disk sus¬ 
pended over a rotating magnet was found to be dragged 
by it. Attempts were made to account for these pheno¬ 
mena—known as Arago 3 s rotations —by supposing there 
to be a sort of magnetism of rotation, until Faraday 
proved them to be due to induction. A magnet moved 
near a solid mass or plate of metal induces in it currents, 
which, in flowing through it from one point to another, 
have their energy eventually frittered down into heat, 
and which, while they last, produce (in accordance with 
Lenz’s law) electromagnetic forces tending to stop the 
motion. These currents, circulating wholly within the 
metal, are called eddy-currents. If a cube or ball of 
good conducting metal be set 
spinning between the poles of 
such an electromagnet as Fig. 

182, and the current be sud¬ 
denly turned on, the spinning 
metal stops suddenly. In a 
copper disk revolving between 
the poles of a magnet (Fig. 240) 
there are a pair of eddies in the 
part passing between the poles, and these currents tend to 
pull the disk back. In fact, any conductor moved forcibly 
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motion. Foucault showed * that if, by sheer force, a disk 
be kept spinning between the poles of a powerful electro¬ 
magnet it will become hot in consequence of the eddy cur¬ 
rents induced in it. 

The eddy-current drag on a moving conductor (some¬ 
times called the magnetic friction) is a force proportional 
to the speed and proportional to the square of the mag¬ 
netic field ; for the force (Art. 340) is proportional to the 
product of field and current, and the current (circulating 
round a given path) is proportional both to field and to 
speed. Hence eddy-current drag is employed in some 
forms of electric supply meter (Art. 442) to control the 
speed of the moving part. 

Alternating electric currents also set up eddy-currents 
in masses of metal near them ; for this reason the iron 
cores of transformers (Art. 480) and of dynamq arma¬ 
tures (Art. 463) must be carefully laminated, otherwise 
there will be heating and waste of energy. 

Further, eddy-currents in any mass of metal between 
a primary and a secondary circuit will tend to set up in 
the secondary tertiary electromotive forces opposing those 
set up by the primary. Hence interposed sheets of metal 
act as induction-screens. 


Lesson XLI. — Self-Induction 

458. Self-Induction. —It has been pointed out in 
Art. 224 how when a current in a circuit is increasing or 
diminishing, it exercises an inductive effect upon any 
neighbouring circuit; this inductive effect being due to 
the change in the magnetic field surrounding the varying 
current. But since the magnetic lines surrounding a 
current may, as they move inwards or outwards from the 
wire, cut across other parts of the same circuit, it is evident 

* Hence some writers call the eddy-currents “Foucault's currents,” 
though they were known years before Foucault’s experiments were made. 
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that a current may act inductively oil itself. The self- 
inductive action is great if the circuit consists of a coil of 
many turns, and is still greater if the coil possesses an 
iron core. Suppose a coil of wire to possess S spirals, and 
that it generates a magnetic flux through these spirals of 
N lines when current 0 is turned on. Then it is clear 
that turning on the current will have the same effect as if 
a magnet of N lines were suddenly plunged into the coil ; 
and turning olf the current will have the same cll'eot as if 
the magnet were suddenly withdrawn. Now (Art. 225) 
the current induced by plunging a magnet into a coil is 
an inverse current tending to push it out, while that 
induced by withdrawing the magnet is a direct current, 
tending to attract it hack. It follows that the self- 
induced elcctromotive-forcc on turning the current on will 
tend to oppose the current, and prevent it growing as 
quickly as it otherwise would do, wliile that induced oh 
stopping the current will tend to help the current to 
continue flowing. In holh cases the effects of self- 
induction is to oppose change: it acts as an electro¬ 
magnetic inertia. 

In the case supposed above, where the coil has S turns, 
the total cutting of magnetic lines in tho operation will 
— S x N, provided all the lines thread through all tho 
spirals. Let the symbol L be used to represent tho total, 
amount of cutting of lines hy the circuit when a current 
of 1 ampere is suddenly turned on. or off in it. Clearly 
L x C = S x N. This quantity L is called “ the induct¬ 
ance” of the circuit. It was formerly called “tho 
coefficient of self-induction >} of the circuit. The unit of 
induction is called tho henry, and corresponds to a 
cutting of 10 8 magnetic lines when I ampere is turned on 
or off. 

Since (in circuits without iron cores) N is proportional 
to S, it follows that L is proportional to S a . Or since 
(see Art. 377) N = 47rCS/lOZ, and tho Lotnl cutting of 
lines hy tho S spirals (if all tho linos pass through all the 
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spirals) is SxN, hence the induction when 10 amperes 
are turned on or off will be 

L = 4ttS 2 /Z, 

which may be expressed in henries by dividing by 10 9 . 
If all the lines do not pass through all the spirals the 
value of L will be less than this. 

The self-induced electromotive-force will depend upon 
the rate at which the current is changing ; for if the total 
cutting SN take place in time t, it follows (Art. 225) 
that 

E = - SN /t = -LC jt. 

But since the rate at which the current changes is not 
uniform, E is also not uniform. If in an element of time 
dt the current charges by an amount dC, the rate of charge 
of the current is dCjdt, and the self-induced electromotive- 
force is = - L • dO/dt. 

The formal definition of the henry (Art. 354) is based 
on the above expression in order that it may apply to 
circuits with iron cores as well as to circuits without 
them. 

The energy of the magnetic field surrounding the 
current is equal to JLC 2 , since while the field is growing 
up to have LC lines in total, the average value of the 
current is -|C. 

To measure a coefficient of self-induction there are 
several methods:— 

(a) Alternate-current method. —The volts Y required to 
send current C at frequency n through coil having 
resistance R and coefficient of self-induction L are 

V = C JR 2 + 47r 2 n 2 L 2 ; or, if the resistance is negligible, 

V = 27rnCL, whence L = V/27mC (see Art. 472). 

(b) Bridge methods. —Of several bridge methods the 
best is Maxwell’s. Let balance be obtained in usual 
way; key in battery circuit being put down before key 
in galvanometer circuit (Art. 415). Then press the keys in 
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reverse order, when the presence of self-induction in one 
of the four arms will upset balance, the needle giving a 
kick a proportional to the self-induction. Now introduce 
in the same arm an additional small resistance r, such 
that when keys are again operated in the usual order 
there is a small permanent deflexion S. If the periodic 
time of swing of the needle be T the following formula 
then holds :—L = Tra/27r8. 

(c) Secohmmeter method .—Ayrton and Perry invented 
an instrument which alternately makes and breaks the 
battery circuit of the bridge and only allows the galvano¬ 
meter to be in operation during a short interval of time 
T immediately after each making of the battery circuit 
(the galvanometer at other times being short-circuited). 
As the current is increasing during this interval, the 
self-induction L of a coil placed in one of the arms of the 
bridge acts as though there were an additional resistance 
r in that arm. The formula is then, L = Tr. As L is 
then the product of seconds and ohms, Ayrton and Perry 
proposed for the unit (now called the henry) the name of 
secohm. 

459. Effects of Inductance.—The presence of 
inductance in a circuit affects the currents in several 
ways. The special cliolcing-effect on alternate currents is 
dealt with in Art. 474. The effects on battery currents 
are also important. So long as the current is not changing 
in strength inductance has no effect whatever ; hut while 
the current is starting or while it is dying away the 
presence of inductance greatly affects it. In all cases 
inductance tends to oppose any change in the strength of 
the current; as may be foreseen from Lenz’s law (Art. 
456). When a current is increasing in strength induct¬ 
ance causes it to increase more slowly. When a current 
is dying away inductance tends to prolong it. 

The existence of inductance in a circuit is attested by 
the so-called extra-current, which makes its appearance 
as a bright spark at the moment of breaking circuit. If 
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the circuit be a simple one, and consist of a straight wire 
and a parallel return wire, there will be little or no 
inductance ; but if the circuit be coiled up, especially if 
it be coiled round an iron core, as in an electromagnet, 
then on breaking circuit there will be a brilliant spark, 
and a person holding the two ends of the wires between 
which the circuit is broken may receive a shock, owing to 
the high electromotive - force of this self-induced extra 
current. This spark represents the energy of the magnetic 
field surrounding the wire suddenly returning back into 
'the circuit. The extra-current on “ making ” circuit is an 
inverse current, and gives no spark, but it prevents the 
battery current from rising at once to its full value. The 
extra-current on breaking circuit is a direct current, and 
therefore keeps up the strength of the current just at the 
moment when it is about to cease. To avoid the per¬ 
turbing effects of inductance, resistance-coils are always 
coiled back upon themselves (Art. 414). 

Even when a circuit consists of two parallel straight 
wires there is a magnetic field set up between them, 
giving inductive reactions. The coefficient of self-induc¬ 
tion for two wires of length l and radius a at an axial 
distance b apart in air is 

L = z(|+4 logJ^lO- 9 ; 

where L is in henries ; a, b and l in centimetres ; and /x 
the permeability of the wire. 

460. Helmholtz's Equation. Time-constant.— 
From that which precedes it is clear that whenever a 
current is turned on there is a variable period while the 
current is growing up to the value which it will reach 
when steady, namely the value as determined by Ohm’s 
law. But during the variable period Ohm’s law is no 
longer applicable. 

Von Helmholtz, who investigated mathematically the 
effect of self-induction upon the strength of a current, 
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deduced the following important equations to express tlio 
relation between tlie inductance of a circuit and the time 
required to establish tbe current at full strength :— 

Lot dt represent a very short interval of time, and let 
the current increase during that short interval from 0 to 
0 + dG. The actual increase during the interval is dG, and 
the rate of increase in strength is dG/dt. Hence, if the in¬ 
ductance bo L, tho electromotive-force of self-induction will 
be — L dC/dt, and, if the whole resistance of the circuit 
he B, tho strength of the opposing extra-current will ho 
~ ‘ during tho short interval dt ; and hence the 

actual strength of current flowing in the circuit during 
that short interval instead of being (ns hy Ohm’s law it 
would be if tho curront were steady) C = E/R, will be 

„ E_L dC 
L ~ li li ’ dt ' 

To find out tlio value to which tho current will have 
grown after a time t made up of a number of such small 
intervals added togother, requires an application of the 
integral calculus, which at once gives tho following 
result:— 

o=I(x-r^), 

(where <• is tho baso of tho natural logarithms). 

Put into words, this expression amounts to saying that 
after a lapse of t seconds the self-induction in a circuit on 
making contact has the effect of diminishing the strength of the 
current by a quantity, the logarithm of whose reciprocal is 
inversely jmoporlional to the inductance, and directly pro- 
portional lo the resistance of the circuit and to the time that 
hus elapsed since making circuit. 

Tho quantity L/lt, the reciprocal of which appears in 
tho exponential expression, is known as “ the lime-constant " 
or “ persistence ” of tho circuit. It is the time required hy 
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current to rise to a certain fraction, namely (e — 1 )/e, 
• 0634—of its final value. 

l very brief consideration will sliow that in those 
i where the circuit is so arranged that the inductance 
small as compared with the resistance R, so that the 
-constant is small, the term ^ e ~ Il/ V L ^ will vanish from 
equation for all appreciable values of t. 

)n the other hand if L is great compared with R, the 
nt during its growth -will be governed almost entirely 
the inductance, and not by the resistance of the 
it, which will act as though its resistance were 


tiese matters are graphically depicted in Fig. 241, in which 
i are two curves of rise of current. Consider a circuit having 
.0 volts, R=1 ohm, L=10 henries. The steady current will 
he 10 amperes ; hut at the end 
of 1 second, as may he calculated 
hy Helmholtz’s equation, the 
current is only 0*95 of an am¬ 
pere ! In 2 seconds it is 1*81, 
in 5 seconds 3*95, in 10 seconds 
6'34 amperes (see curve A). At 
the end of a whole minute it is 
only 9'975 amperes. Suppose 
now we increase the resistance 
to 2 ohms, and reduce the in¬ 
ductance to 5 henries. The 
final value of the current will be 
only 5 amperes instead of 10 ; 
it will rise more quickly than before (see curve B). At the 
of 1 second it will be 1*647 ampere, in 2 seconds 2*755, in 10 
ads 4*91 amperes. We conclude that for all apparatus that is 
ired to he rapid-acting (relays, telephones, chronographs, etc.) 
much more important to keep down the inductance than the 
tance of the circuit. We also see that the rule (Art. 407) so 
l given, about making the resistance of a battery equal to that 
le rest of the circuit, is quite wrong for cases of rapid action, 
le circuit has self-induction as well as resistance then it is better 
roup the cells of the battery so as to have higher resistance, 
ely put them all in series. 

In fact everything goes on as though at time t after 
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“make” there were two currents flowing in opposite 
directions at once; one the ordinary current flowing from 
the first at full strength, the other the extra-current 

having the value - g e E ^ L ; the actual current being 

the difference between the two. 

At “ break ” of circuit everything goes on as if, the 
ordinary current having dropped suddenly to zero, 
there was superposed an extra-current having the value 

+ jj|e E ^ • hut here, since there is introduced into the 

circuit a resistance of unknown amount (the resistance 
along a spark being indefinite) the calculation becomes 
impracticable. "We know that R is very great; hence 
we know that the variation will be more sudden, and 
that the self-induced E.M.F. at “break” is much greater 
than that at “make." The self-induced E.M.F. would 
be represented by the expression E t = Ee _lt ^ L . This 
expression should be compared with that for the E.M.F. 
of discharge of a condenser of capacity K through a 
resistance R (see also Art. 326), which is Vt = V 0 e~^ K]i - 
From this it appears that in the case of a condenser dis¬ 
charge KR acts as the time-constant L/R does in the case 
of self-induction. 

The actual quantity of electricity conveyed by the 
“extra-current” is equal to that which would be con¬ 
veyed by current of strength E/R of lasting for time L/R ; 
or = EL/R 2 . At the “make” of the circuit the retarda¬ 
tion causes the flow of electricity to be lessened by the 
amount # = EL/R 2 . The energy which is stored up 
outside the wire while the current grows up from 0 to 
its final value 0 is equal to JgE = JLC 2 . 
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tudinal axis; tlie upper portion, coming towards the 
observer. The arrows show the direction of the induced 
currents delivered by the 
commutator to the contact- 
springs or brushes. The little 
magneto - electric machines, 
still sold by opticians, are 
on this principle. Holmes 
and Van Malderen con¬ 
structed more powerful 
machines, the latter combin¬ 
ing around one axis sixty-four separate coils rotating 
between the poles of forty powerful magnets. 

In 1856 Werner Siemens devised an improved arma¬ 
ture, in which the coils of wire were wound shuttle-wise 
upon a grooved iron core, which concentrated the mag¬ 
netic lines in a powerful field between the poles of a series 
of adjacent steel magnets. The 
next improvement, due to 
Wilde, was the employment of 
electro-magnets instead of steel 
magnets for producing the field 
in which the armature revolved; 
these electro-magnets being ex¬ 
cited by currents furnished by 
a small auxiliary magneto¬ 
electric machine, also iept in 
rotation. If instead of com¬ 
muting the currents the ends 
of the revolving coil are connected to a pair of contact 
rings, on each of which presses a brush, the machine will 
deliver alternate currents. Fig. 243 illustrates a primitive 
form of alternator. It will be seen that if the induced 
E.MLF. in the wires as they move past the N-pole towards 
the observer is from left to right, the two contact rings 
will alternately become + and - at each half-turn. 

462. Dynamo-electric Maclaines.—The name 
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small internal resistance, and therefore of a few turns of 
stout wire or ribbon of sheet copper. For producing 
currents at a high electromotive-force the armature must 
consist of many turns of wire or of rods of copper suitably 
connected, and it must revolve in a very powerful mag¬ 
netic field. 

463. Continuous - current Dynamos. — The 
dynamos of different makers differ in the design of their 
field-magnets and in the means adopted for securing con¬ 
tinuity in the induced currents. Most continuous-current 
dynamos have a simple field magnet with two poles: but 
many large machines are made with four, six, or eight 
poles. But the modern armature is complex. A simple 
coil, such as Fig. 242, with its 2-part commutator will not 
yield a steady current; for twice in each revolution the 
E.M.F. dies away to zero. The coils must be grouped so 
that some of them are always active. In most dynamos 
the armature winding is constructed as a closed coil , 
the wire being wound on a ring core of iron (Pacino tti’s 
core with teeth, Gramme’s core without teeth), or as a 
drum over a cylindrical core (Siemens’s or Yon Hefner’s 
plan), or having the coils arranged flat as a disk 
(Desrozier’s plan). In ail these cases the convolutions are 
joined up so that (like the ring winding in Fig. 190) the 
coil is endless. If the current is. brought in at one side 
of such a coil and taken out at the other side there will 
be two paths through the coil. As the coil spins between 
the poles of the magnet the electromotive-forces induced 
in the ascending and descending parts will tend to send 
the currents in parallel through these parts ; and con¬ 
sequently contact-brushes must be set to take off the 
currents from the revolving coils at the proper places. 
The brushes are, however, set in contact not with the 
.coils themselves but with a commutator, Fig. 244, consist¬ 
ing of a number of copper bars, insulated from one 
another, and joined on to the armature coil at regular 
intervals. Consider, for example, a Gramme ring made 
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bo moving at that instant in n magnetic liehl of Mullieieut 
strength. The current in the armature exore.i.soM a mag¬ 
netizing action, and tends to distort the nmgnetio Jield in 
tlio direction of tlie rotation. To prevent soriouw distor¬ 
tion and sparking, the hold-magnet is made very powerful 
and massive. The “brushes ” that receive tlio current, 
were, originally Lunches of springy wires : in modern 
machines they are built up of copper strip <>r copper 
gauze, or consist of small blocks of carl am. Kig. 215 de¬ 
picts a modern typo of dynamo, having a vertical magnet 
of massive wrought iron magnetized by currents flowing 
in coils wound upon the two limbs. below, between the 
polar surfaces which am bored out to receive it, is the 
revolving armature (in this case a drum-armature) with 
the commutator and brushes. Tim core of Llm an nature 
is built up of thin iron disks lightly insulated from one 
another, to prevent eddy-euiTeuls. 

All continuouH-current dynamos will run ah motors 
(Art. 443), if supplied with current at tlio proper 
voltage. 

For fuller doflorlptfona of dynamos, and leelmieal details nf cum- 
sl,rued,ion, the reader is rofuvroil to tlio millmr'H troatiso on 
/>ynamo-clcclric Machincry. 

404. Dynamo Calculations. —In a 2-polc dynamo 
if NT ho the total number of magnolia linoH sent by the. 
field-magnet through the armature, >S the. number of wires 
or conductors in series on the armature, counted all 
round, and n the number of revolutions per msoond, the 
o.lee.troniolivo-foroo generated by the spinning armature 
will ho 

Lb - viSlT/1()« 

for the cutting per second of magnetic lines is proportional 
to each of these three quantities, and we divide, by I () H to 
bring to volts. As with halt erics (Art. 171), ho with 
dynamos, if there is an internal resistance r, the available 
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mted, or (T‘„ The n<u on tpui h tin* nnmh.i of itm)H*re* 
multiplied hy tin* \ oil* lit ti-nmiuil ', »*t < * V. These tium- 
btsni are turned to Imme j«*%er t*v dividing hy 7-US, 

The ftiwiin-inii/ rjHnrnrtf of is d Yiimno t<» the ratio 
1 h«IwwII the Jiell output and the tueclinliiiat jwtWer 
applied to drive the ItiiU hil»\ 

Alt tlin nnuislme londilrtois of u d\ ii.ittso »fi' subject, 
when thn machine %» miming, to * iin«-hanu«l dmjf 
opjMwitig the rotation, Thu* i« due t** the m* turn btittrtisn 
the magnetic field Mini the current : Art. it -I**;, i 

A little jHiwer *# wasted S»y eddy curr*-nu (Art 487), 
and hy hysteresis t Art. 8UH< in t!m «rmatMrw mm i and 
also a little t»y eddy*enrrent» (Art, 4tl3i in the moving 
veamm of metal, »» dimiutalurtg the rttMonry; hut in 
well*cott»true.twl maebimw »iirh lorn?* are slight, 

tVi ralnl Ulii Itin ltntil.il »»»»•> iktn.liHiM itn, fi.i- it it.. ,.f* 
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Arts. 377 and 399 must be applied (see exercise 21 on 
Chap. V.). 

465. Excitation of Field-Magnets.—There are 
several modes of exciting the magnetism of the field- 
magnets, giving rise to the following classification :— 

1. Magneto Machine , with permanent steel magnets. 

2. Separately-excited Dynamo ; one in which the cur¬ 
rents used to excite the field-magnets are furnished by a 
separate machine called an “ exciter.” 

3. Separate-coil Dynamo , with a separate coil wound 
m the armature to generate the exciting current. 

4. Series-Dynamo, wherein the coils of the field-magnet 
ire in series with those of the armature and the external 



Fig. 246. Fig. 247. Fig. 243. 


sircuit (Fig. 246), and consist of a few turns of thick 
,vire. 

5. Shunt - Dynamo, in which the coils of tlio field- 
nagnet form a shunt to the main circuit ; and, being 
nade of many turns of thin wire, draw off only a small 
raction of the whole current (Fig. 247). 

6. Compound - Dynam o, partly excited by shunt coils, 
lartly by series coils (Fig. 248). 

The last three modes are illustrated in the accompany- 
ng diagrams. Each variety of winding' has certain 
idvantages depending on conditions of use. 
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40 CI, QhnmoUirlHtU* Ottrvw* T>> itmly 

)iiivi<<ur «>f vatsstMs t\|«”> <*f dkli.iins-*, 11 »*|*k 

tlm fwd«««! **f slwm^UfSiiw vnr<**, » Isrrrin tlm > 
tSirSli•* »*f untjnal tin- v4ta ami list- ati»jH'rr» • :tt«j 

mit. It' i% m n«-3 n n,isimri> i with nut),^ 

ami wlttm-lrt, w Ink run al i*«u»ts»nt sj»rr«i «»t| 
1 <«.»*!», »U |«Tf>*rwam«' will !«’ t»> gtv«* a «-t| 

CXjV in Fig, ‘J4U» wlirft? lh» ntrttnil V*»lu nr»i 

Vs-rir. -illy, lh»- atu|H| 

^ i-_J E L.-_ <<>fstiilsi. Thin ctifi 

'y rvirtual fhatfti'trrin 1 

T*~** m >*y ‘ v, *k 4 r 8' w ’ »■» tim t-|| 

ff | »|i«'rrrt’ss-4, 

If »»*■ r«-<<f tna^tui 

S j, l»ut«I ib*i tfm wimjij 

/ its**)' fall ugim* 

Y j «'f internal rt«4tfa, 

O MX rwwuowi, 

pig. no, |Mi»l #m h iw tj || 

am «' i-f thr mlrrtisi 

»'» r« hy t!»«• -^1»»!»*■> »*f th< |n» tjt l 

ln,M»*<in*-tn< a! *4 ih» mi,.;!.' t t »t»\ , «im e t 

14 rijmil Cm QM t».M , - tlw v„ll* .Inni.-.l l.y fW „ 
IT llllf (U ini «hattH mt that l /til Ji »\ H r»|n.-| 

liiti ruai i« <ti»i4«iM »■, thru M S wilt tlm S 

(hr -flit, A44aij,: t.» t^M a j<i»>i 

MX, w*» utiUtu t*M m lli*'! r*srts"t|e«n»l»t!j 4 v&ltij 
t'llut pUclnniiutivn futvr. ill tin* tui, tl 

t»V wit ran rntifttiu«’l ilm t hatmlermiir UK, 

?«' I'Vi'h'itl that jf till’ t.itai rrnfaUti*-*' * <• ||»e oh»| 

tin*’ t U\< lw nn'rraAJ'4 1* will roiirn tl»»*rn ihr> * urvi 
U, amt there wilt Iw « refUm |«§t»i at whi«'h any 

ifinwti in dm »l«|w will j«r»*»lfir« » nmhU’ii *!rt»j» 
amt «tii|«jreii l« jsnrc*, TliW i* * i^rulkrttf 

rnieMtte»| whew rtmwiwu al a given n[wmd tlmy 
yi®W ttiiy citrKrtit if llw rsakl««« misml# ft mvU 




CHARACTERISTIC CURVES 



3Toi? ft shunt-dynamo tho characteriRtie has a different 
fox?m. WJ»°u tho machine is on open circuit, giving no 
current externally, tho shunt circuit in fully at work 
excitin-g tlio magnet. The curve YV of volts at ter¬ 
minals at a high 

value, rxnd. an the current ia 
increased h y diminishing 

tlio rosiBtivmm, the. vollngo 
gently . 1>arL of this 

( l r0 p is duo to internal resist- 
ance ; part i« duo to arnm- 
tnz*e rcactiiias uml magnetic 
distortion S uml part to tho 
reduction the Bhunt 

current. 11, uh before, wo 
draw OJ to represent hy its 
slope tlxe in teriml resiRtanoo, we can find tho lost volts MN 
and add tluinu on ahovu Q, ho obtaining P, a point on the 
total oloctrumolivu-forco curve. This also drops sliglitly. 
If a sliamt-dynamo ho short-circuited, its magnetism is at 
once reduced to almost zero. To regulate the voltage of 
a shimt-dyntuno a suitable rheostat (Fig. 200) may ho 
iixtrodxxcocl into its shunt circuit, to vary tho exciting 
current. 

407. Oonstant Voltage Machines _For glow- 

lamp lighting, machines are needed that will maintain 
tlxe voltage constant, whether tlio current going to tho 
mains "bo small or largo. Tho current that Hows out 
of tlio machine will regulate itself exactly in propor¬ 
tion to tlm demnnd ; more flowing when more lumps nro 
turned oil, provided the potential difference between tho 
mains in kept constant. For this purpose neither a 
series-dynamo nor a shunt-dynamo (driven at a constant 
speed) will Hullko ; though hy hand-regulation, as above, 
a sixxxixt-dynamo may he used. Tt will he noted that, 
wlxile in, »iuuit-umehiueH tlio clmvacteristic drops as tho 
current is iiiercaml, in Berios-nmchhuia the curve rises. 
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r u< r tt 


iHt, 

( 11 V, h_V U-> 1»|4 A »' u %H>hni) t «■<ittj* i*f 

it ultunl n» give the v.-Uny.* <m i»|«*u 

circuit' alt-1 a f«w c>i!i of thick w a*', m »«*ric» * it It the 
mum ruvttil (>a Ml «• the r V llatS**lt lit l«» list* 

mil|>ttl ■, til.' %.4l in »v l«- kr|.| r« luark tMv t ou<>taiit. 

Jty ' i)< - iia. ? i .!«# tv if h in«*re »« 11 «*w Holing the 

itviMiii.i m.tv 5w ju i<I.» I.. ii» tiiifam a vi.iMtant toll aye at 
»o»io m 11**- > si> tut 

488. Otmetuufc CJumuit Mnchfnow Burlrw 
Litfhtllttf. T>. itt.uiif.tm itn un\.tnmy nirr>nl m a 
w*Uf>i t.f i u«ij*i ( .m i-i wit»tt«*l t««r itchtus,* with 

Hit* i.ltlljt > Alt i , Mj» « I ti «l\ llitm**3 rtl** U»r4 k tt* * wit an 

arr lnihhmi smifiums. The 1 m m! ktt>>tvit <*f the - *' are the 
Uru»h iUt<i lit*- Tlt.«n»«»u M'*o4'«n *lv imiomi l loth have 
u|«-n ruil armature* ut which 11st? r«ti» arc to4 yroiijwnl 
in u circuits, with «{*«•» i«l ri.iunitttsriorR, nmt nutu 

mntin iU*vh*t’u t*» regulate the *rttt§*ttf, the one l.y »lmnf»ng 
tin* emiing current, the other hy »htftlti|f the hr»i#hwi, 
Tin* current limy thu* l«e kej.t at ) ti ninjaere*. w htle the 
valla change {«t<*. >*r.hn« t*» the nntiilfr >>f lauijw ait circuit; 
frail* ftO t«» *iHill »*r lu<<i<*. 

400, Utiijiolm* Mttrhimw. There t» another rlwit 
of tiyiuiuio ehvtn»* lu.e huim, u.y > niirclv f»**m nny 
of the jirnv.liiig, in wln.li it # *•»I ot other movable **««» 
lltictor ululert rottlul rtji«. Jmjo ».f II llinanl an4 I till! tin* 
Magnetic. Ini. m in a n.utiuut>!i» i»timii«-r without «i»v re- 
Vetml« 111 til** direction of the induced r»srr*-i»f». Such 
lunrhitunt, m.inelititt’* called " tmt«{*4«tr , ‘ machine*, have, 
however, very low t»h’< troiimtivr ft.r.e, atol are it>4 jaae 
tifiil. Fitra‘l«y'.t »lii»k-in«rSsitie \Fi|,|» ll\%i lwli»ngr»l t*» 
llii« rhiiw, 


Xl.fll.- (‘arivnt* 


470. Periodic* OntrmxtM. Wo hnv«> «wfi il»t f!w 

r@?c»lvitttf of A •ittiole coil in a m*n*ttolie 11*44 tu« 
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electromotive-forces, which change in direction at every 
half-turn, giving rise to alternate currents. In each whole 
revolution there will he an electromotive-force which 
rises to a maximum and then dies away, followed imme¬ 
diately "by a reversed electromotive-force, which also 
grows to a maximum and then dies away. Each such 
complete set of operations is called a period, and the 
number of periods accomplished in a second is called the 
frequency or periodicity of the alternations, and is symbol¬ 
ized by the letter n. In 2-pole machines n is the same as 
the number of revolutions per second ; hut in multipolar 
machines n is greater, in proportion to the number of pairs 
of poles. By revolving in a uniform field the electro¬ 
motive-forces set up are proportional to the sine of the 
angle through which the coil has turned from the posi¬ 
tion in which it lay across the field. If in this position 
the flux of magnetic lines through it were N, and the 
number of spirals in the coil that enclose the N lines be 
called S, then the value of the induced electromotive- 
force at any time t when the coil has turned through 
angle 6 ( — 2irnt) will be 

E# = 27niSNsin 6~l 0 s , 
or, writing D for 27 twSN/ 10 8 , we have 
Efl = I) sin 6. 

In actual machines the magnetic fields are not uni¬ 
form, nor the coils simple loops, so the periodic rise and 
fall of the electromotive-forces will not necessarily follow 
a simple sine law. The form of the impressed waves 
will depend on the shape of the polar faces, and on the 
form and breadth of the coils. But in most cases we are 
sufficiently justified in assuming that the impressed 
electromotive-force follows a sine law, so that the value 
at any instant may be expressed in the above form, where 
D is flic maximum value or amplitude attained by E, 
and 6 an angle of phase upon an imaginary circle of 



r.u:«TuiiiTY am* 


S'MU IS 


r«'ft*r»nr«\ i“i>isss*!«-r n |«’Usi I* t< % • i<» 1* wi«- r*>un<l 

n firth*, 11 lii*’ rMm* *•! Ri*i*» *n»h* l*«* i-Am a* nutty, 
t*M Will Jw» lhr wine »<! lin- aligh' ti t sps linant.-l ft ntu (i , 
!#r*t ill** or* h’ he »j:s nl»*i into -ill) iilllit>N-r »>t anoint, 

ntttl lit th»' usiii"* I*' *ti aw n WMsSssrh f»*r «-a« h. ’Hit it let 

tltrw HlH’i hr J*1«'H» <1 mil nt r plat *Int.«le r* «}nitt uloug 
tin* lji*n*fi*sd »1 Stn<-, in 1 s it-* tin* «mit 

curve, 

in Fiji, ’i .*< 1 «■*!«' reanhtf n*» *-f 1" I he < it* 1»* of 

j-rfrivnre s-<<rr*'<i|»iu«U to ntir r*.itij*U l** all.i tuU--n «<t rule 



of rl»f*liv;»-a. The Vain*' *«!' tin* »-J*. tr>*iu*>tiv*- f.<?rr> fwJiirit 

Vtirir* la-lwc* li 1 I* >»n*i S» .»•: il« Inal snuiln % *.ilnnti }||<IV 
Ih* rt’|m**i»‘iil«'»i a! any tumm-tit rif h* r hi the «tt»e J\\i 
or by |ir**jrrt«}{i 1* *<it i-« th« a* final <Si »n*« i* r f fjivmjj 
UQ, Ai F i« v«4v«’>, llm j*mnl wall *«*-s!ktr along thn 
ilnumtrr. 

The rtsrrtttilii whirls r***i»!i ft«*i»s ihr*** j«-ri*«lir «.r 
ttltwimting i'l«Ttr<»m»»tiv«. (urctm art' «!■«• j*ern«ltr amt 
«.lt*ruiltUig ; lliry inrtiW to it linuumim, thru «t»’ «Wny 
au<{ revw in ilireftmii, sn«*rr4»r f «l»<r away, ami fbrii 
rt’Vt’i-w l<m k again. if tint p|rrtrs»m«t*vr form rjot»>|itrlral 
luu mnh rytlrn or iwi*r«!» its <t »*n*l, »m #!**» will the 
ciim-nt, 

471, Virtual Valets and Virtual Ampuratt. — 
Matumring inatrinumu for itiirrinUr rurront*, »urii m 
©ltwlrodvuiUttotueUtr* (Art, 3th’«ConUm Y«ltMFU>t» *ArL 
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4.KH, nml electrostatie voltmeters (Arl. 200), do not 
meaMtre the arithmetical average vhIuoh of this amperes 
or volts. The readings of Uicho instruments, if first 
rnlihraled hy the uw of continuous currents, aru tho 
#|iiaw roots of tins means of the squares of the values, 
They measure what are railed, virtual amperes or virtual 
polls, f l'he mean which they read (if we nsmimo the 
current* mid voltages to follow the sine law of variation) 
k equal to 0707 of the maximum values, for the 
average of the squares of the sine (taken over either 1 
quadrant or a whole curie) in ^ ; hence the square-root- 
of mean square value is equal to 1 v /2 times their maxi¬ 

mum value. If a voltmeter is placed on an alternating 
circuit in which the volts are oscillating between maxima 
of b lot) and ton volts, it will read 707 volts; and 
?(!•? volta continuously applied would be required to 
produce an equal rending. If an alternate current am- 
jiorcmeter reads 100 amperes, that means that the current 
really rises to +1-11*-1 amperes and then reverses to 

14t*-l amperes ; but the eHecfc is equal to that of 100 
continuous amperes, and therefore such a current would 
ho dcscriheil m 100 virtual amperes. 

472. Latr and Lead.—Alternating current* do not 
always keep step with Urn alternating volts impressed 



w«. yfitt. 

njxm the circuit. If there is inductance in (he circuit tlm 
currents will tag : if there is capacity in the circuit they 
\ull lead in phase, Kig, 2ft2 illustrates tlm lug produced 
hv i i 1 not met*. 't*h ' it t mdses if run* ml. re ir •atmlud l»v 
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th« l»Wk«-r Inn', *«v»r .» !siii»- ht(f> s!«.vu ih..»- ,.f dm * nlin. 
Httt Itnlm'lillit'- lot* ,«!e>dol » If*-*‘t *4 Mnjx.i latnn 

limn »uy rri.nr*l*»tt«*u *4 , si jvr>*4*c.»=» ««■-■». tutors <»» 

tin* rk«ii"Ui>‘ti\«- tnrr, llir * uri* nl 4-n tt. \X ink 

ill** mrtvnl i* m* r» m ilr-ii^lls tin* »» a> In«' «li< ■ l t.f 

H4ilu« tast» *• t> n il* !•* |*i»-\«**t is iwit,; T « - a 

rtin.ul •<( 4«t rtinjx-ii'i tt« a tvst-sliim .. >4 ft ..him «-.«!»{ 
r«'i|»mv Jf<«r run-nti m d M l' .4 »>m \..ha, 

Hut <ut <»U<ru.i.tiit r ; *4 tin u»lli vrsll u«l l.«>« 

if llu-n* i•> iu4u« Um« *' m lln* fit* usi i« »> !in f ; u^.ms.i {{«< 

Voting- Til- jHulU'l »■! * .i!r«I In 11«»• • ti> .ual.tn- «» 

l l«nl tls*’ i« m* Iivs* 4 t*l i In |..r< <• tti.• «!«.» 

mil >4 «>!• [*. lln > ni>' m f.i* l i i.i‘ ik a .ju ni*« j-. 
in4iiii4 l!t" i ttrivitl, If >ut all* 11» it'- • uir« »»l >4 t’ miunl) 
tUl»J«’tVS I* l|nwu,|| mill .» ftr*|t|. In 1, *4 li * l. i j« I . ..1,4 

throuijU a * «r» uil »4 m*hn lain«* L, ih«* rr.»> u\v «-lr« in> 

motive furm * will W £»»{,(" ivirttml; ml in, If, f>*r 
t‘*ain|»l*% h *« U’UOU In-tiry, w - .Ml |«yi*4» |»r #«•«•<.m| t 

n»4 t‘.ft) tuiijM'tv*, tlio U'it* tivi’ »4*rfroiu«.uv*i 

will Ik* tkVf vutu. Nmv if m»’ Wi»li f.< .It in- (hr 40 

(VirCttuh AJHJh rr-t is**! mth iht* u,:h (In- t< n!an< «• t.f f| 

t»luu» hut tliirj iv a* *p- drill i* *|iur*- m>u'n limit 

fltj VulU, I till W«* filial! U 4 r*-*J*lir»’ »;«» I t «mrrt 

tin* r«'<nli«>n mil *4 »lr|* noli tin. « uimiI t luw 
is n«» l‘.t im*t *.!«l «}«.»! i.-ll.-i »%j!I |w 

tU'r«|»'.| W«> lu\ - !ri-.»nrs<i |.I tt\ 

11*4 uni ^ult* tin' ttai* 1 f-'tm t [.» r.,rr* aj».<n4 
In tin* vuSti nwwmry t** *lriv«- dm « mu« ut ilir>»t^li tlm 
rw4f*t«tw, if lli-m wm* tin «' 'rii- *.r.Iui!»i« 

nA m*iy t»« t.ikmi t«* «»' 4 k m tin. Tins »»* nv»v »v*IS lln? 
fum-nl nirvu. Tin'll *ml (In* mrv- |.f4‘ 

to r«'jtrvwut tin* v<»!l > inv*lr«| i«» ktl.mrn ifm r- 4 <*t»*»n «<f 
* Till* ia rAt|-nt«(*-4 />* r..U.,» a |! t.,H »* 

k MMHttnal l« l«B s Oil*. .4 19.0 lima Is.** 

«J« &rn> wlu>rt>(‘<,»« itw ii.oMidt 

rmijiw'ti to tlsw** «« <»t 4« » -?*■ »«*,.*.* 1‘fco *• sl»5asn| .4 

r***s«» Wl*l #Sft» *»!•»•« «« >•■»«« »»*f K U»« S. 9 s«*» I««t ,U#p>iu$ 

bf t mtM tb« «mrr«nl iw 
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the inductance. Here p is written for 2im. The ordi¬ 
nate at 0 is 25 T ; and the curve is shifted back one 
quarter of the period : for when the current is increasing 
at its greatest rate, as at 0, the self-inductive action is 
greatest. Then compound these two curves by adding 

Va 

4 


Fig. 253. 

their ordinates, and we get the dotted curve, with its 
maximum at V. This is the curve of the volts that must 
be impressed on the circuit in order to produce the 
current. It will be seen that the current curve attains 
its maximum a little after the voltage curve. The current 
lags in phase behind the volts. If Od 
is the time of one complete period, the 
length va will represent the time that 
elapses between the maxima of volts 
and amperes. In Fig. 254 the same 
facts are represented in a revolving 
diagram of the same sort as Fig. 251. 

The line OA represents the working 
volts R x C, whilst the line AD at right angles to OA 
represents the self-induced volts pLC. Compounding 
these as by the triangle of forces we have as the im¬ 
pressed volts the line OD. ' The projections of these three 
lines on a- vertical line while the diagram revolves 
around the centre 0 give the instantaneous values of the 
three quantities. The angle AOD, or <£, by which the 
current lags behind the impressed volts is termed the 








Kl.KtTHh lTV AN!» MAiiN‘K Tt*M 


tyu 

%twjk of /«*«/. llowt'wr tftvsit th© iii4u> S*in>«- > r lltr frr. 

«/» tan w-\«'r I*- !»o . If 

UA s# uo (ill"! AH i« t!.vi, *»t* will W ti:, v*4k In 
i*yu»l*«ts» ihr will hm* t*» !«■ mu h that 

K' J - Att t’ s /»lA‘ \ Hits k'Hi-s n» lh*’ » 

C K 

x K- r l/ 

The 4ftH»niitwl*»r whi< h n*iw*'> m here is .•>nnm««uly mil™! 

the 

479, Maxwell** I»nw, In Figs. ,» ls 4 sjmj the 
ftUv;h’ «»f lisi* in writ !** W sit-It that lan >/»- j4.t * 111* nr 



1 %, §». 1 %. 3 >\ 


-“/iL R, All*! it M evulwit that the rllWt of fits'* ifnltirf- 

aikhj is tu uniki* the circuit net ,*»*» if it* r«-»i9t<tin'« 

of tn’in^ U w a* in* r*-4->i4 t»« v IF i }■ {. , In f«* t the 
alternate current i* tuucnu-4 u»»t l<i tin- n-8ial*ui*i' **f ltt« 
circuit l»nt hy if-* im|«r4f»n«-e, At the «u«n tune th© 
fiimnit is Iitj^inn m if the au^l© »*f reference were n«4 
0 l*nt U *l>, »» that tin' r>|Uiitn<ii f*»f tltr imhititaitcMU* 
Vtihtt?n uf t\ Vilii’ii K !> «i*t 0, »s 

(t fining #i 

* vi*’•/*'!.' ‘ 

Thin 1* Maxwell’* law for fwrindir ettrrenl* m rrUrtle*! 
hy imlurtenw. A* th*trmn©nt« take tm «er«ii»i r»f \A\wa 
hut give virtual value* tin? muiphr fwrtn |»r«r«lmg |g 
usually auffieietit. 

The effect t»f mfindly intttKlucrtl into mi altontau 

ettrrtafc circuit h l** (trod tie* a W tu «inr© tlw 

Wftutloa «f t outtflvtuirr tn«Um4 of U ruling t« jmtlang thu 
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current tends to drive it back. The reactance is therefore 
written as — 1 [pK., and the angle will be such Cun 
4>— - 1/jhKR. The impedance will be -h 1 

If both inductance and capacity are present, tan 


RC R 



Fig. 257. Fig. 258. 


</> = (pL - lfpK)fR: the reactance will be y>L — 1/pK ; 
and the impedance ^/R, 2 + (pL - 1 /pK) 2 . 

Since capacity and inductance produce opposite effects 
they can be used to neutralize one another. They exactly 
balance if L = l/p 2 K. In that case the circuit is non- 
inductive and the currents simply obey Ohm's law. 

474. Choking Coils.—It will be seen that if in a 
circuit there is little resistance, and much reactance, the 
current will depend on the reactance. Bor example if 
p(=2irri) were, say, 1000 and L — 10 henries while B was 
only 1 ohm, the resistance part of the’impedance would 
be negligible and the law would become 



Self-induction coils with large inductance and small resist¬ 
ance are sometimes used to impede alternate currents, and 
are called choking coils , or impedance coils. 

If the current were led into a condenser of small 
capacity (say K = -A. microfarad, then 1 jp'K = 10,000), the 
current running in and out of the condenser would be 
governed only by the capacity and frequency, and not by 
the resistance, and would have the value— 

C = EpK. 

475. Alternate-current Power.—If to mcasu 
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the power supplied to u motor, i*r other part of mi alter¬ 
nate current circuit, mwituic wpuuUdy with ampere¬ 
meter imil voltmeter tin* imijn'iv.* and volt*, mt*l then 
multiply together the reading*, we obtain uh the tcpjHtirnt 
Wilt* a value often greatly m excess of the tni? intttn, 
owing t«i the ditl'eteuee in phase, of whielt ihe iuHtmiuetllM 
take no account. The true power (watts) ia in reality 
W- I'V e*w »/i, where t‘ uml V are the virtual values, and 
*ft the angle of lag. But the latter w tumidly an unknown 
quantity, lienee recourse mu*t W hud to u mutable 
watt meter ; the u*iml form heing an eleetrudyniunuuieter 
(Art. hjh*c litlly constructed wi that tile high‘rr»i»tum*o 
circuit in it ahull U* non inductive. 

Whenever the jihnae-tliireivnen (whether lag or lend) ia 
very large the current, Wing out of step with the volts, w 
nlmnat i mltim. Thi# in the etnas with currents llowing 
through a cliuking-coil nr into a comletwr, if the ruaial- 
aneea are wunlL 

470. High Frequency Currents.- - The reactive 
clfeeU of inductance and enpacity increase if tlie frequency 
in increased. The frequency lined ill electrie, lighting ia 
from ftO to IUU cycles per second, If high frequencies 
of 1000 or more cycles j««r second are used the reactions 
tiro excuwdve, In rntch enaea the current# do not lluvv 
equally through the mwn-aertion of the eonduetiug wire, 
hut are confined mainly to ih» outer surface, even thick 
rial# of copjasr olfering great impedance, Kven nt a 
frequency of 100 the current at a depth of It millimetre# 
from the aurfaco i« (in copper) only about, \ of iUt value, 
in the surface layers. In iron wire* the depth of the 
akin for } value i# about 1 millimetru. For such rapid 
owillatious ns the discharge of a Ia*ydeu jar, whore the 
frequency i# several million*, the conducting akin its prob¬ 
ably low than of a millimetre thick. Hollow tulma 
in iiuoh caaeti conduct just a# well a* solid rod# of Kama 
outer diameter, The conductance is proportional not to 
•action but to nerlmeler, 
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Whenever a current is not distributed equally in the 
cross-section of any conductor there is a real increase in 
the resistance it otters; the heating effect being a mini¬ 
mum -when equally distributed. The fact that the 
oscillatory currents are greatest at the skin gives the 
strongest support to the modern view that the energy in 
an electric circuit is transmitted by the surrounding 
medium and not through the wire (see Art. 519 on 
energy-paths). 

477. Alternate - current Electromagnets.— 
When an alternate current is sent through a coil it 
produces an alternating magnetic field. An iron core 
placed in the alternating field will he subjected to a 
periodic alternating magnetization. Electromagnets for 
alternate currents must have their iron cores laminated 
to avoid eddy-currents; and owing to their choking 
action are made with fewer turns of wire than if designed 
for continuous currents of equal voltage. They repel 
sheets of copper owing to the eddy-currents which they 
set up in them ; the phase of these eddy-currents being 
retarded by their self-induction. Elihu Thomson, who 
studied these repulsions, constructed some motors based 
on this principle. A solenoid, with a laminated iron 
plunger, if supplied with alternate currents at constant 
voltage, has the remarkable property of attracting the 
core with much greater force when the core is protrud¬ 
ing out than when it is in the tube. This also is owing 
to the choking action. 


Lesson XLIY. — Alternate-current Generators 

478. Alternators.—The simple alternator (Fig. 243), 
with its two slip-rings for taking off the current, is merely 
typical. In practice machines are wanted which will 
deliver their currents at pressures of from 1000 to 5000 
volts, with frequencies of from 50 to 120 cycles per second. 
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used in England, is depicted in Eig. 259. The tliin 
armature coils are fixed, in an external stationary ring, 
between two crowns of poles revolving on eacli side of 
them. These poles are, however, all N-poles on one side, 
and all S-poles on the other, being projections of two 
massive iron pole-pieces fixed on the shaft against a huge 



Fig. 250. 


internal bobbin, tints constituting a solid simple form of 
field-magnet. On the end of the shaft is a small continu¬ 
ous-current dynamo as exciter. 

In Fig. 260 is given a view of the central generating 
station for the electric lighting of the city of London. 
Two kinds of alternators (Thomson-Houston and Mordey) 
are used. The cut shows one of the latter driven by an 
800 horse-power steam-engine. Each of these machines 
has 40 poles in each crown, and can deliver 250 
amperes at 2200 volts. 
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479. Coupling of Alternators.—In the use of two 
or more alternators on one circuit a peculiarity arises that 
does not exist with continuous-current dynamos, owing to 
differences of phase in the currents. If two alternators 
driven by separate engines are running at the same speed 
and at equal voltage, it will not do to join their circuits 
by merely switching them to the mains if they are not 
also in phase with one another; or serious trouble may 
occur. In central station work it is usual to run several 
machines all in parallel. Now if two machines are 
feeding into the same mains each 
is tending to send current back to 
the other ; and if their electro¬ 
motive forces are at any instant 
unequal, that with the greater will 
tend to send its current the opposite 
way.througli the other. To explain 
what occurs consider Fig. 201, 
which is a revolving diagram of 
the same kind as Figs. 251 and 
254. If the two alternators are 
exactly in step they will both be sending a pulse of current 
toward the mains at tlie same moment, but, so far as the 
circuit connecting them is concerned, these impulses will 
be exactly opposed. Let OA and OB represent these 
two exactly-opposed impulses. Now suppose erne of the 
;wo machines to gain a little on the other, OA shifting 
orward to OA'. The two electromotive-fum!H no longer 
mlance, but will have a resultant OE tending to make tv 
vurrent oscillate through the two machines, this current 
ieing out of phase both with tho leading machine A mid 
vith tho lagging machine B. But this local current will 
tself lag a little in phase behind OE because of the in- 
.uctance in its path. Lot tho phase, of the current, then 
e indicated by 00, which is set hack a little, '('hero 
? now a current surging to and fro between tbu two 
vacliines, and it is obviously more nearly in phase with 
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OA than with OH. This moans that in the leading 
machine A the, volts mid amperoH are move nearly in phaso 
with one another than in tins lagging machines B. 'Refer¬ 
ence to Artn, 43(1 and 445 will at emeus show that the cur¬ 
rent is helping to drive 11 as a motor, and that a greater 
jnrehnunud ellort will Iks thrown on A, which is acting 
more as a generator, lienee this interchange of current 
t«tula automatically to Bring up the lagging machine and 
to load the leading machine. They will come hack into 
pluew. All alternators of good construction suitably 
driven will run together in jmrallel, even though their 
ideetromotivo-fom'H art' unequal. On this other hand, if 
two alternators are joined in scries, the resulting current, 
when they arts ever so little out of phase, tends to load the 
lagging machine and hasten the leading one till they get 
into complete opposition of phase, one running ontirely as 
generator, the other entirely as motor. This is excellent 
fur transmission of power from an alternator at one end 
of a line to a synchronous alternator at the other: the 
two machines keep stop at all loads. But they will not 
run together in series if both arc to act as generators, 
nubs* rigidly coupled together on the same shaft, 

To prevent accidents arising from too sudden a trans¬ 
fer of current between two machines it is usual in lighting 
stations to employ a tynchronwr, a device to indicate the 
phases of the alternations. When an alternator is to be 
switched into circuit (in parallel with one or more others) 
the operator does not turn the switch until (speod and 
volts being both right) the electromotive-force of the 
machine lias come exactly into identical phase with that 
of the circuit into which it is to bo introduced. 

Lbhbok XLV.— TrmtformrB 

480. Alternate- Current Tranafbrmera.—Trans¬ 
form ere are needed in the distribution of ourrentB to a 

.W.tflvwu. luuM,,ta« nlnw.UmTta tin Dia hmi«AH rmftfl low 


principle of transformation was briefly touched in 
228. Alternate-current transformers are simply 
;ion-coils haying well-laminated iron cores, usually 
n, soft sheet-iron strips piled together, and shaped 
;o constitute a closed magnetic circuit. Upon the 
ire wound the primary coil to receive (lie alternat- 
rrent, and a secondary coil to givo out other alter- 
currents. Usually the primary consists of many 
of fme copper wire, very well insulated, to receive 
1 current at high pressure ; and the secondary of n 
rns of thick copper wire or ribbon, to give out a 
larger current at low prest-mre. 
transform down from about 2000 volts to ] 00 
;he ratio of the windings will bo 20 : l. What- 
te ratio of the voltages, the currents will be about 
'averse ratio, since, apart from the inevitable small 
n transformation, the power put in and taken out 
s ecpial. Taking the above case of a transformer 
20 : 1 as the ratio of its windings, if wo desire to 
t of the secondary 100 amperes at 50 volts, wo 
.it into the primary at least 5 amperes at 1000 volts, 
icattered districts a small transformer is provided 
i house, the lamps being in the low pressure cir- 


Hlgh Pressure Maine 

T, 

Lamps 

USEE 


Lamps 

'mw 


Low Pressure Malm 
Fig. 2<m. 


rn cities large transformers nro placed in sub. 

from which issue tbo low -pressure mains dis- 
S the current to the houses. Uig, 2(12 shows 
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in digram the, urn* of transformers on a distributing 
nystem. 

481, Elementary Theory of Transformers.— 
If Urn primary volts are. maintained constant, tiro 
aeromlnry volts will lw nearly constant also, and the 
apjairulus becomes bountifully self - regulating, more 
current tlowiug into the primary of itself when more 
lamjm im* turned on in the Borondary circuit. This 
arise* from the choking effect of self-induction in the 
primary. If no bunpH arc on tlm secondary circuit the 
primary roil simply acta a« a clinking-coil. When all 
Urn kmp« nro on, the primary acts us a working-coil to 
imhirri currents in the secondary. When only half the 
lump* ur« mi, tlm primary acts partly aa a chokiug-coil 
ami partly an a working coil. 

Imt Vj l hi tlm volta at the primary terminals, V s 
Uhmw at tlm wscondary terminals ,* the number of turns 
in tlm primary coil, 8 S the number in the secondary ; 
tlm internal resistance in the primary, r % that of the 
mwoudary. dull tlm ratio of transformation k*» Sj/S 2 . 
Tin’ alternations of magnetism in the core will set up 
electromotive-forces K, and Ky in the two coils strictly 
proportional to tludr nmpocttve numbers of turns (if there 
in no magnetic leakage) ; so Ky ^K Jk; and since (apart 
from small hysteresis lossos) KjtJj *n E a f!y, it follows that 
t'l - t' a A*. The volta lost in primary are those in 
secondary r^' t Hence wo may write 


V 

V 


1! 


K t +r,CJ t , 


Writing tlm first ns Ej « Vj • rjC’j •• V i -• rfijk, ami 
i im rting EJk for Ky in the second equation, wo get 


whieh ihowst that overything goes on in the secondary ai 
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though the primary had been removed, and we had sub¬ 
stituted for Y I a fraction of it in proportion to the 
windings, and at the same time had added to the internal 
resistance an amount equal to the internal resistance of 
the primary, reduced in proportion to the square of the 
ratio of the windings. "We also see that to keep the 
secondary volts constant the primary generator must be 
so regulated as to cause the primary volts to rise slightly 
when, much current is being used. The currents in the 
two coils are in almost exact opposition of phase; they 
reach their maxima at the same instant, flowing in oppo¬ 
site senses round the core. The efficiency of well-con¬ 
structed transformers is very high, the internal losses 
being a very small percentage of the working load. 

482. Continuous-current Transformers 
(Motor-dynamos).—To transform continuous currents 
from one voltage to another it is necessary to employ a 
rotating apparatus, which is virtually a combination of a 
motor and a generator. For example, a motor receiving 
a current of 10 amperes at 1000 volts may he made to 
drive a dynamo giving out nearly 200 amperes at 50 
volts. Instead of using two separate machines, one 
single armature may be wound with two windings and 
furnished with two commutators; the number of turns in 
the windings being proportioned to the voltages, and 
their sectional areas to the amperes. Such motor-dynamos 
are in use. The elementary theory of these is the same 
as that in Art. 481, E x and E y now standing for the 
electromotive - forces respectively induced in the two 
windings on the revolving armature. 

483. Continuous - alternate Transformers.— 
Revolving machinery equivalent to a combination of a 
continuous-current dynamo and an alternator may be 
used to transform continuous currents into alternating, 
or vice versa , one part acting as motor to drive, the other 
as generator. In this case also two separate machines 
need not always he used. Fig. 2(53 represents in diagram 



a simple minting annul im* having both a split-tube com 
niututur to collect contin¬ 



uous currents, aiul a pah 
of slip-rings or alternating 
eiimmU. Such a machine 
may convert continuous 
currents into alternating, 
or alternating into contin¬ 
uous. Or it may act as o 
motor if supplied witli 
either kind of current; 


may, if driven mechanically, genera to both kinds o 
current at Urn same time. 


LsatwN X LV i,'~~AUematet~cuntnt Motors 

484, Jdtemate-ourrent Motors. —Wo liavo seen 
(Art, Alii) that one alternator can drive another as 
iti«4«r, the two machines in series working in synchroniser 
Therm are two disadvantages in such motors—(i) that the; 
am not self-starting, hut must ho brought up to spec 
before the current is applied ; (ii) that their iiold-nmgnet 
must In? se|»arftU*ly excited. Other forms of motor lmv 
rtmmjutmtly Ufii sought. Ordinary eonlinuous-curren 
motors, if made with laminated iron magnets, will worl 
though not well, with alternating currents. 

'Hm umderu alternate*current motor has develops 
from the propwtd* of Burol (1887), Ferrari* (1888), an 
Telia (1HH8) to employ two or more alternating currcm 
in different phases. 

486. Polyphase Gurrenta.— It is obviously poi 
»ihh\ hy placing on the armutui’e of an alternator tv 
separate sets of coils, one a little ahead of the other, i 
obtain two alternate currents of equal frequency ar 
strength, hut differing in phase by any desired degre 
antninc, Indeed, constructed alternators with two or 
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with, three separate circuits in 1878. If two equal alter¬ 
nate currents, differing in phase by one-quarter of a 
period, are properly combined, they can be made to pro¬ 
duce a rotatory magnetic field. And in such a rotatory 
field conductors can be set rotating, as was first sug¬ 
gested by Baily in 1879. Con¬ 
sider an ordinary Gramme ring 
(Fig. 264) wound with a continuous 
winding. If a single alternating 
current were introduced at the 
points A A' it would set up an 
oscillatory magnetic field, a N-pole 
growing at A, and a S-pole at A', 
then dying away and reversing in 
direction. Similarly, if another 
alternate current were introduced at BB', it would 
produce another oscillatory magnetic field in the BB' 
diameter. If both these currents are set to work but 



Pig. 264. 


timed so that the BB' current is \ period behind the 
A A' current, then they will combine 
A to produce a rotatory magnetic field, 

though the coil itself stands still. 
This is quite analogous to the well- 
Ld(f ® j/hj known way in which a rotatory 
motion, without any dead points, can 
/ p ro q uce cl from two oscillatory 

Fig. 265. motions by using two cranks at right 

angles to one another, the impulses being given period 
one after the other. The above combination is called 
a di -phase system of currents. If the BB' current is 
period later than the AA' current, the rotation in 
Fig. 265 will be right-handed. Another way of generat¬ 
ing a rotatory field is by a tri-fihase system* (or so-called 
“ drek- strom”) of currents. Let 3 alternate currents, 
differing from one another by J period (or 120°), be led 


* Tri-pliaso currants wcro used in tlio famous Frankfort transmission 
of powor in 1801. Sue Art. 447. 
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into the ring at tlu> point* A B 0. The current Hows in 
first at A (ami out by B and (!), then at JB ((lowing out 
hy (J and A), then at C5 (out by A and B), again produc¬ 
ing a revolving magnetic Held, This is analogous to a 
3-crunk engine, with the cranks sot at 120° apart 

There urn several ways of combining the circuits that 
receive the currents of the various phases. For example, 
the windings of Fig. 2(M might ho divided into four 
«epamtu coils, eneh having one end joined to a common 
junction, and the four outer ends joined respectively to 
the four Hue wires. Or the windings of Fig. 205 might 
W arranged as three separate coils, each having one end 
joined to a common junction, and with the three outer 
ends joined respectively to the three lino wires. Buck 
arrangements would ho called star groupings, as dis¬ 
tinguished from the nmh groupings of the cuts. Alec 
the coils, in whichever way grouped, need not be wound 
upon a ring. The two-phase coils of Fig. 204 might he 
wound upon four inwardly-projecting pole-pieces; and 
the three-phase coils of Fig. 205 might ho wound upor 
three inwardly-projecting pole.-pieces. Or in largoi 
multipolar machines a three phase set of coils might lx 
arranged upon a set of «ix, nine, twelve, or more polos, ir 
regular succession. 

480. Properties of the Rotatory Field — 
Asynchronous Motors. -In such rotating magnotb 
fields mum* of metal at once begin to rotate. A magne 
or mass of iron, pivoted centrally, can take up a syn 
4 'hrououa motion, hut may require to be helped to start 
Any pivoted mass of good conducting metal, such u 
copper, will also lai set in motion, and will be self-start 
lug, but will not las synchronous. In such a ccntrei 
insm, or rofar, uddy-currenU are set up (just as in Arago’ 
rotations, Art, 457), which drag the metal mass and tern 
to turn it, Thu strength of those currents in the rotatini 
part depends on the relative speed of the field and th 
rotor. If the rotor were to revolve with speed equal t 
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the revolving field, the eddy-currents -would die away, 
and there would he no driving force. The rotor actually 
used in such motors consists of a cylindrical core huilt up 
of thin iron disks, over which is huilt up a sort of squirrel 
cage of copper rods joined together at their ends into a 
closed circuit. In some forms (designed hy Brown) the 
rods are inserted in holes just below the surface of the 
core. The revolving part has no commutator or slip- 
rings, and is entirely disconnected from any other circuit. 
It receives its currents wholly hy induction. Such 
asynchronous motors start with considerable torque (or 
turning moment) and have a high efficiency in full work. 
Similar motors for use with ordinary or single-phase 
alternate currents are now in use. To start them it is 
necessary to split the alternate current into two currents 
differing in phase. This is done hy the use of a divided 
circuit, in the two branches of which different reactances 
are introduced. If in one branch there is a choking- 
coil to offer inductance, the current in that branch will 
he retarded; if in the other there is a condenser, the 
current in this branch will he accelerated in phase. Com¬ 
bining these two currents a rotatory field is produced for 
starting the movement. When once the motor has started 
a further turn of the switch simply puts on the alternate 
current, as at A A.' in Fig. 264, and it continues to he 
driven, though the impulse is now only oscillatory. 
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487. Klootromo thro - force of Polarization. 
This simple lawn of definite chemical action duo to 1 
current having been laid down in Lesson XIX., it rema’ 
t*> consider the relations between tho chemical energy a 
iU electrical equivalent. Whenever an oluetrolyto 
deeum[Hi«cd by a current, the resolved ions have a tei 
ency to reunite, that, tendency being commonly tern 
“ chemical it dimly,’' Thus when zinc sulphate (ZnS0 4 ] 
split up iido Zu and SO. ( the zinc tends to dissolvo agi 
into the solution, and so spread tho potential energy 
the system. Rut zinc, dissolving into sulphuric acid s 
up nu electromotive-force of definite amount; and to t 
the /sue away from the sulphuric acid requires an elect 
motive force at. least as great as this, and in an oppos 
direction to it. Ho, again, when acidulated water 
decom(Hwd in a voltameter, the separated hydrogen a 
oxygen tend to reunite and set up an opposing elect: 
motive-force of no less than 1*47 volts. This opposi 
ekctromoliw-fom*, which is in fact the measure of th 
“ chemical ntUnity,” is termed the eh'.ctromoLive-force 
polarization, It enu he observed in any water voltame 
(Art S4d) by simply disconnecting tho wires from 1 
battery and joining them to a galvanometer, when 
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cent will be observed flowing back through, the volta- 
;er from the hydrogen electrode toward the oxygen 
strode. The polarization in a voltaic cell (Art. 175) 
duces an opposing electromotive-force in a perfectly 
ilar way. 

Now, since the affinity of hydrogen for oxygen is 
resented by an electromotive-force of 1'47 volts, it is 
ir that no cell or battery can decompose water at 
‘nary temperatures unless it has an electromotive-force 
it least 1-47 volts. With every electrolyte there is a 
ilar minimum electromotive-force necessary to produce 
lplete continuous decomposition. 

488. Theory of Electrolysis.—Suppose a current 
convey a quantity of electricity Q through a circuit 
which there is an opposing electromotive-force E : 
work done in moving Q units of electricity against 
s electromotive-force will be equal to E x Q. (If E 
. Q are expressed in “ absolute ” C.G.S. units, E x Q will 
in ergs) The total energy of the current, as available 
producing heat or mechanical motion, will be dimm¬ 
ed by this quantity, which represents the work done 
inst the electromotive-force in question. 

But we can arrive in another way at an expression for 
i same quantity of work. The quantity of electricity 
passing through the cell will deposit a certain amount 
metal: this amount of metal could be burned, or 
tolved again in acid, giving up its potential energy as 
t, and, the mechanical equivalent of heat being known, 
equivalent quantity of work can be calculated. Q 
s of electricity will cause the deposition of Qz grammes 
an ion whose absolute electro-chemical equivalent 
[For example, % for hydrogen is -0001038 gramme, 
ig ten times the amount (see table in Art. 240) 
osited by one coulomb, for the coulomb is of the 
dute C.G.S. unit of quantity.] If H represents the 
fiber of heat units evolved by one gramme of the 
stance, when it enters into the combination in ques- 
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tion, then. Q«H roprcwmlx the value (in heat units) of the 
chemical work done by the Dow of Mm Q unitH ; and this 
value can immediately bo tmiuduled into ergs of work 
by multiplying by JouUJh equivalent J (»n 42 x 10 t! ). 
[See Table on page 512.] 

We have therefore the following equality 

KQ QrlfJ ; whence if follows that 
K "* kIIJ ; or, in words, the electromotive-force 
of any chemical reaction w equal to the product of the electro- 
chemical eyaimlrnt of the separated ion into its heat of 
combination) expressed in dynamical units, 

Kxamples. *-—( 1) HI extremal ice force of Hydrogen tending to 
unite with Oxygen. For Hydrogen % - *0001038 II 
(heat of combination of one grtunmu) j= 84000 gramnio- 
degree-itnlts; J ;■ 4*2 x 10”. 

*0001033 x 34000 x 42 x 10« «■ 1 >48 x 10 H « absolute ” 
units of electromotive-force, or « 1 *d8 wits. 

(2) KhdromoUwfotex of Zinc disuniting into Sulphuric, Acid . 
« - *00387 j II ■ - 1070 (accor<\ing to Julian Thom¬ 
son) } J ~ 42 x 10". 

*00387 x 1(570 x 42 x !0« - 2*3(14 x 10". 

or • 2*304 volts. 

(3) Rlectnmol iix for re tf Copper disuniting into Sulphuric 
Ariel, x *00327 *, I( - «O0*fi ; J 42 x 10<‘. 

*00327 x 900*5 x 42 x 10« ~ 1*240 x 10". 

or • - 1*2*10 volts. 

(4) fileatrirmotiiw-force of a DanleU'ft Cell. Here zinc is 
dissolved at one pole to form ztue. sulphate, the oluunlcal 
action setting up n + eleotromotlvo-forco, while at the 
other polo copper is deposited by the current out of a 


* The figures given lu these examples as well as'those cm p. M2 for the 
beat of combination must be taken as only approximate. The beat of 
combination Is different at different temperatures, ami the boat evolved by 
the salt dissolving in water must also be taken into account. Bract 
figures have not yet been ascertained. In ftuifc von Holmholt* sbownd 
that the expression *IIJ Is incomplete, and that to it should be added a 
term fl-clB/cll, wherein 0 is the absolute temperature of the cell 
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solution of copper sulphate, thereby setting up au oppos¬ 
ing (or -) electromotive-force. That clue to zinc is 
shown above to he + 2'364 volts, that to deposited 
copper to be - 1-249. Hence the net electromotive- 
force of the cell is (neglecting the slight electromotive- 
force where the two solutions touch) 2*364 - 1-249 = 
1-115 volts. This is nearly what is found (Art. 181) in 
practice to be the case. It is less than will suffice to 
electrolyze water, though two Darnell's cells in scries 
electrolyze water easily. 

Since 1 horse-power-hour = 746 watt - hours = 746 
ampere-hours at 1 volt, it follows that at V volts the 
number of ampere-hours will = 746 rV. Now as the 
weight of zinc consumed in a cell is 1-213 grammes per 
ampere-hour (when there is no waste), the consumption 
will be as follows :— 


Weight of zinc used 
per horse-power-hour 


Mx 1-213 grin. = | lbs. 


Hence the quantity of zinc that must be consumed to 
generate 1 horse-power-hour in any battery of cells cannot 
be less than 2 lbs. the available volts of a single cell of 
the battery. 


Example.—-It a new cell can bo invented to give 2 volts at its terminals 
wlien in full work, a battery of sncli cells, however aminged, will 
consume 1 lb. of sine per hour per horso-powor, or 1*84 lbs. per 
unit of supply (or kilowatt-hour). 


An equivalent quantity of exciting and depolarizing 
chemicals will also he used, and these will increase the 
total cost per unit. It is clear that as a source of public 
supply primary batteries consuming zinc can never com¬ 
pete in price with dynamos driven by steam. The actual 
cost of coal to central stations in London is from 1 to 
1^ pence per “unit” ; and the maximum legal price that 
a supply company may charge in Great Britain for electric 
energy is eightpence per “ unit.” See Art. 440. 

489. Electro-Chemical Power of Metals._The 

accompanying Table gives the electromotive-force of the 
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the metals stand in their power to replace mu; another 

(in a sohition containing snip]uirh’acid). In thin order, 

too, the lowest on the list arc tho metals deposited lirst 
by an electric current from Holuthms containing two or 
more of them : for that meted cornea down first, which 
requires the least expenditure) of energy to separate it 
from the elements with which it was combined. 

490 . General Laws of IBlectrolytio Aotion.™ 
In addition to Faraday’s quantitative laws given in Art. 
240, the following arc important 

(a) Every electrolyte is decomposed into two portions, 
rn anion and a kation, which may he. themselves either 
■ample or componnd. In tlm case <d sinqde binary coin - 
bounds, such as fused salt (NntJl), tin*, ions are simple 
dements. In other cases tho produets are often com- 
dicated hy secondary aetionn. Tt is even possible to 
leposit an alloy of two metals—--Arrow, for example—from 
i mixture of tlio cyanides of zinc and of copper. 

(b) In binary compounds and most metallic solutions, 
he metal is deposited hy tlio current whore it leaves the 
ell, at the kathode. 

(c) Aqueous solutions of Halts of tho metals of tho 
dkalies and alkaline earths deposit no metal, hut evolve 
ydrogen owing to secondary action of the metal upon the 
vater. From strong solutions of caustic potash and soda 
3avy succeeded in obtaining; metallic sodium and 
otassium, which were before unknown. If electrodes of 
iicreury are employed, an amalgam of eilher of these 
letals is readily obtained at the kathode. The. so-called 
nnao?m«a-amalgain is obtained hy electrolyzing a warm, 
brong solution of salnnunonme between mercury oloc- 
rodes. 

(d) Metals can he arranged in a definite series accord- 
ig to their electrolytic, behaviour; each metal on |,lu¬ 
st behaving as a kathm (oi* being “electropositive *') 
hen electrolyzed from its compound in preferem-e to 
le lower down on the list. In sueh a Meries tlm oxidise- 


514 KLK( TRIHITY AFD MAONItTINM vxm n 

able metals, potassium, sodium, zinc, ronui IuhL j tho. 
less oxidizahle or “ eleolronegtUive ” metals preceding 
I ham. The order varies with the nature, strength, and 
temperature of tlm solution used. 

(<*) From a solution of mixed metallic Balts the least 
electropositive metnl ia not deposited lirat, if tins enrront 
ja ho strong relatively to the size of the kathode uh to iin- 
povariah the Holution in its neighbourhood. To deposit 
alloys a Holution hiuhI be found in which both motalH 
tend to dissolve with equal electromotive-forces, 

(/) 'I’ho liberated ions appear only at the. electrodes. 

(;/) For aatdi electrolyte a minimum eltictromolivn-fom 
in requisite, without which complete electrolysis cannot ho 
effected. (Sea Art. 401.) 

(A) If the current be of less electromotive,-force 
than the requisite minimum, electrolysis may begin, and 
a feeble current flow at first, but no ions will be liberated, 
the current being completely stopped os mam ub the. 
opposing ele.ctromutivc-foree of polarization lma risou to 
equality with that of the electrolyzing current. 

(i) 'Phare is no opposing alactromotive-fora.a. of polar¬ 
ization when electrolysm is effected from a dissolving 
anode of the same metal that is being deposited at the 
kathode. The feeblest ecdl will suffice to deposit copper 
from sulphate of copper if the anode he a copper plain. 

(j) Where the ions are gases, proHsure affects the 
conditions hut slightly. Under 300 atmospheres acid¬ 
ulated water ia still electrolyzed ; hut in certain cosoh 
a layer of acid so dense a« not to conduct collects at 
the anode and stops the current. 

(k) The chemical work done by a current in an 
electrolytic cell is proportional to the minimum electro¬ 
motive-force of polarization. 

(l) Although ihe electromotive force of polarization 
may exceed this minimum, this work done by the current 
In overcoming this surplus electromotive-force will not 
appear tu* chemical work, for no more of the ion will ho 
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liberated ; but it will appear as an additional quantity 
of beat (or “local beat”) developed in tho electrolytic 
cell. 

(m) Obin’s law bolds good for electrolytic conduction. 

(n) Amongst the secondary actions which may occur 
the following are the chief :—- 

(1) The ions may themselves decompose ; as SO. t into SO.i-l-0. 
(2) The ions may react on tlie electrodes ; as when acidulated 
water is electrolyzed between zinc electrodes, no oxygen being 
liberated, owing to the affinity of zinc for oxygen. (3) Tho ions 
may be liberated in an abnormal state. Tims oxygen is frequently 
liberated in its allotropic condition as ozone, particularly when 
permanganates are electrolyzed. The “nascent” hydrogen liber¬ 
ated by the electrolysis of dilute acid has peculiarly active chemi¬ 
cal properties. So also the metals are sometimes deposited ab¬ 
normally copper in a black pulverulent film; antimony in 
roundish gray masses (from tlie terchloride solution) which poHSOSH 
a curious explosive property. When a solution of load is olootvo- 
lyzed a film of peroxide of lead forms ujoon the anode. If tills bo 
a plate of polished metal placed horizontally in tlie liquid bonentli 
a platinum wire as a kathode, the deposit talcos place in symmet¬ 
rical rings of varying thickness, the thickest deposit being at tho 
centre. These rings, known as Nobili’s rings, exhibit all tlio tints 
of the rainbow, owing to interference of the waves of light occur¬ 
ring in the film. The colours form, in fact, in reversed order, tho 
“colours of thin plates” of Newton’s rings. 

491. Hypotheses of Q-rotthuss and of Clau¬ 
sius.—A complete theory of electrolysis must explain—■ 
firstly, tlie transfer of electricity, and secondly, the transfer 
of matter, through the liquid of the cell. Tho hitter 
point is the one to which most attention has been 
given, since the “migration of the ions ” (i.e. their trans¬ 
fer through the liquid) in two opposite directions, and 
their appearance at the electrodes only, are salient 
facts. 

The hypothesis put forward in 1805 by Grotthuss 
serves fairly, when stated in accordance with modern 
terms, to explain these facts. Grotthuss supposes that, 
when two metal plates at different potentials are plueed 
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in ii cell, tho first died produced in the liquid is that 
llu* molecules of (lu* liquid arrange. themselves in in¬ 
numerable chains, in which every molecule has its 
constituent atoms pointing in a certain direction ; tho 
niton »il' electropositive substance. being attracted toward 
iht* kathode, and the fellow alum of electronegative 
substance 1 icing at (met ml toward the. anode. (This 
lumnmes that the constituent atoms grouped in the molc- 
enle retain their individual electric properties.) Tho 
diagram of Fig. tHtft shows, in tho ease of hydrochloric 
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arid, n first row of molecules distributed at random, and 
itmmdly grouped in a chain as descrihe.d. The action 
which UrotthiiHs then supposes to take place is that an 
interchange of partners goes on between the separate atoms 
all along tho line, each II atom uniting with tho Cl atom 
belonging to the neighbouring molecule, a -I- half mole¬ 
cule of hydrogen being liberated at the kathode, and a 
• half molecule of chlorine at the anode. This action 
would leave the molecules as in the third row, and 
would, when repealed, result in a double migration of 
hydrogen atoms iu one direction and of chlorine atoms 
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in the other ; the Tree atoms appearing only at the elect¬ 
rodes ancl every atom so liberated discharging a certain 
definite minute charge of electricity upon the electrode 
where it was liberated.* 

Clausius sought to bring the ideas of Grottlmss into 
conformity with the modern kinetic hypothesis of the 
constitution of liquids. He supposes that in the usual 
state of a liquid the molecules are always gliding about 
amongst one another, and their constituent atoms arc 
also in movement, continually separating and recombining 
into similar groups, their movements taking place in all 
possible directions throughout the liquid. But under 
the influence of an electromotive-force these actions are 
controlled in direction , so that when, in the course of the 
usual movements, an atom separates from a group) it 
tends to move either toward the anode or kathode ; 
and if the electromotive-force in question be powerful 
enough to p>revent recombination, these atoms will he 
permanently separated, and will aceunudnto around the 
electrodes. This theory has the advantage of account¬ 
ing for a fact easily observed, that an electromotive-force 
less than the minimum which is needed to effect com- 
pdete electrolysis may sond a feeble current through an 
electrolyte for a limited time, until the opposing electro- 
motive-force has reached an equal valuo. Yon Helmholtz, 
who gave the name of electrolytic convexion to this pheno¬ 
menon of piartial electrolysis, assumed that it fakes place 
"by the agency of uncombined atoms previously existing 
in the liquid. 

* Mr. G. <T. flfconoy lias reckoned, from considerations founded oil 
tlie size of atoms (an onion la led liy Lnselunidt and herd Kelvin), Hint 
for every chemical bond mpturod, a charge of 10- uf u unttbmb is 
transferred. [ID. Duddo says I7x'IO~ - ll ennlnmb.] This ([lianllly would 
appear therofm'o t.o lm the natural ahnnle charge or unit. To l.oar oho 
atom of hydrofoil from it hydrofoil compound this amount of cdeotrlHI.y 
must he sent through It. To liberate an atom of zinc, or any other di¬ 
valent metal from its compound, implies llm (.mauler of twice tldu amount 
of electricity. 



LjvBHox XLVni,— Accumulators 

402 . Accumulators or Secondary Batteries. 

A voltameter, or series of voltameters, wlumu electrodes 
nte thus charged respectively with hydrogen and oxygon, 
will serve m secondary batteries, in 
which the energy of a current 
may he stored up and again given 
out. Ritter, who in 1803 con¬ 
structed a secondary pile, used 
electrodes of platinum. It will 
he seen that such cells do not 
accumulate or store electricity; 
what they accumulate is energy, 
which they store in the form of 
chemical work. A secondary cell 
resembles a Leyden jar in that 
it can he charged and then dis¬ 
charged. The residual charges of 
Leyden jars, though small in 
quantity and transient in their 
discharge, yut exactly resemble 
the polarization-charges of volta¬ 
meters. Varley found X sq. cen- 
tim. of platinum foil in dilute 
acid to act as a condenser of 
about 03 microfarads’ capacity, 
■when polarized to a potential- 
difference of 1 volt. Gaston Plantd, in 1800, devised a 
secondary cell consisting of two pieces of sheet lead 
railed up {without actual contact) as electrodes, dipping 
into dilute sulphuric acid, as in Fig. 267. To “form” 
or prejwtru the lead it was charged with currents which 
after a time were reversed in direction, and after a further 
time again reversed, until, after several reversals, it became 
coated with a semi-porous film of brown dioxide of lead 




on the anode plate ; tlie kathode plate assuming a spongy 
metallic state presenting a large amount of surface of 
high chemical activity. When such a secondary battery, 
or accumulator , is charged by connecting it with a dynamo 
(shunt-wound), or other powerful generator of currents, 
the anode plate becomes peroxidized, while the kathode 
plate is deoxidized by the hydrogen that is liberated. 
The plates may remain for many days in this condition, 
and will furnish a current until the two lead surfaces are 
reduced to a chemically inactive state. The electro¬ 
motive-force of such cells is from 2 - 0 to T85 volts during 
discharge. Plante ingeniously arranged batteries of such 
cells so that they can he charged in parallel, and dis¬ 
charged in series, giving (for a short time) strong currents 
at extremely high voltages. Faure, in 1881, modified 
the Plante accumulator by giving the two lead plates a 
preliminary coating of red-lead (or minium). When a 
current is passed through the cell to charge it, the red- 
lead is peroxidized at the anode, and reduced—first to a 
condition of lower oxide, 
then to the spongymetallic 
state—at the kathode, and 
thus a greater thickness of 
the working substance is 
provided, and takes far 
less time to “ form ” than 
is the case in Plantes cells. 

In modern accumulators 
the red-lead (or litharge), 
freshly mixed with dilute 
sulphuric acid to the form 
of a paste, is jxressed into 
the holes of a leaden 
grid, shaped so as to 
give it a good mechanical attachment. During the sub¬ 
sequent process of “ formation n the hardened paste is 
reduced on one plate and peroxidized on the othei-. A 



Fig. 268. 
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cell i*f flic kind known a-. flic K.p.S. cell is .shown in 
Kig. »fJH, Accumulators me -till made ,, u tlit> plan (A 
method from metallic lead, vvliich is fir.-t finely divided 
tut its Kurfaec by smite tueehmtitu! or chemical means, and 
then “ formed” by prolonged charging, Cells id’ lld.s 
lyjie nrc led mi subject to djaiuteg rutinn as paste cells 
mill nmy be discharged at U greater rule. To keep nee.u- 
initiators in good condition they should be (dimmed up 
every day till full (known by hubbies rising) mid mil, lm 
discharged t<«> tptickly. The density uf ueiil should 
never be nlluwed lu exceed PiN, nor full below 1 i fi. 

493, G-rovo’n Qn« Battory. Sir W. drove dc.- 

vised a cell in which platinum electrodes, in contact 
respectively with hydrogen mid oxygen gas, replaced tlu*. 
usual zinc and copper plate*. Much of these gases is 
jiarliallv occluded by the metid platinum, which, when 
so treated, behaved like a different metal, 

Attempt* have Iwen made to generate nleetrieity on 
a larger scale by means* of gn* batteries. Mnml and 
linger found that the greatest RM.1'\ to lie obtained 
from a cell of hydrogen and oxygen, with finely-divided 
platinum n« collectors, was l)'t)7, the ditrereuee hetween 
thin and the theoretical, 1 *47, being lost in heat gener¬ 
ated by tho condensation of the gases by the jihitinmn. 

Lkhmon XLIX. k'htriulriHwition 

494. Bleotrometanurary. • - The applications of 
el uotro-ohem istry to tho industries are threefold. b'i rally, 
to tho reduction of tnolalu from solutions of their ores, 
tho prociw is uneful in tho ticeumte assay of certain ores, 
a«, Tor examplo, of copper ; m-imdUj, b> the copying of 
types, planter casts, and metalwork by kathode deposits 
of metal; thirdly, to the covering of objects made of baser 
metal with a thin flint of another undid, wudt as gold, 
silver, or nickel. All those operations arc inchuled under 
the general term of dfdrmmtuUuryy, 
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It is not established whether the reduction of aluminium 
in the electric furnace is partly electrolytic or whether it 
is purely chemical, hut the process may he mentioned 
here. Aluminium oxide is mixed with charcoal and 
placed 'between the ends of two thick carbon rods in a 
closed flrebriclc furnace lined with charcoal. A current 
of several thorns and amperes is passed between the carbon 
rods and the aluminium ore is melted and parts with its 
oxygen to carbon. The liberated aluminium is commonly 
allowed to alloy with some other metal, such as copper, 
previously added to the charge, and forms the famous 
aluminium bronze. Pure aluminium is now produced in 
large quantities by the electrolysis of fused cryolite, which 
is a double flmoride of aluminium and sodium. 

Copper of a high degree of purity is produced on a 
large scale Toy suspending anodes of impure copper in a 
solution of copper sulphate and electrolytically depositing 
pure copper on the kathodes. The impurities such as 
arsenic being more electronegative than copper are left 
in the bath. 

495. Electrotyping-.—In 1836 De la Rue observed 
that in a D ami ell’s cell the copper deposited out of the 
solution upon the copper plate which served as a kathode 
took the exact impress of the plate, even to the scratches 
upon it. Ixx 1839 Jacobi in St. Petersburg, Spencer in 
Liverpool, and Jordan in London, independently developed 
out of this fact a method of obtaining, by the electrolysis 
of copper, impressions (in reversed relief) of coins, stereo¬ 
type plates, and ornaments. A further improvement, 
due to Murray, was the employment of moulds of plaster 
or wax, coatecl with a film of plumbago in order to provide 
a conducting surface upon which the deposit could be 
made. Bronze in the form of a fine powder is much used 
instead of plnmbago, being a better conductor. Jacobi 
gave to the process the name of cjalvano-plastic , a term 
generally abandoned in favour of the term electrotyping 
or electrotype process. 
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Klee tintypes t)f cupper aw easily matin by hanging a 
suitable mould in a cell containing a nearly saturated and 
lightly acidulated Holuthm of HUlphato of copper, and 
jMowing n current of a buttery through the cell, the mould 
metallized on it* surface lining the kathode, a plate ol 
mpjier being employed m an anode, dissolving gradually 
into the liquid nt a rate exactly equal to the rate oJ 
dejMwiiiou nt the kathode. Thin use of a separate cell or 
“ hath ” in jnore convenient than producing the electro- 
in the uetual cell of a Danioll’s buttery. The 
proet-'^ i-* hugely employed at tlm present day to repro¬ 
duce repoUnNo tmd chased uruameut ami other works ol 
art in fammilc, and t»> multiply copies of wood hloelcs foi 
printing. Almost all the illustrations in this hook, foi 
example, are printed from electrotype copies, and not 
from the original woixl blocks, which would not wear sc 
well. In nil dojK»ition processes success largely depondt 
on having the proper eumnt-demity. To deposit motale 
that am mow positive than hydrogen, such as zinc or 
chromium, it is advisiihle to use concentrated solutions 
and high current - densities. I‘'or metals that are less 

positive, such int copjau* and silver, the current-density 
may he hm To procure a good tough deposit of copper 
the current should not exceed 15 amperes per square foot 
of kathode surface. If a more rapid deposit is required, 
a solution of nitrate of copper should be used and kapt in 
rapid agitation. 

To deposit iron (l»y the process known ns aderage, or 
a very largo sheet of iron is used as anode, 
ami the liquid used is simply ft solution of salauummiac 
in water. Tins solution is “charged 11 with iron by 
jw#ing the current for a little timo through the bath 
prior to inserting the object to ho Htuot-faced. 

490. Sleotroplfttinif.—In 1H01 Wollaston observed 
that a. piece of silver, connected with a more positive 
tmditl, became coated with cupper when put into a solu¬ 
tion of copjwr. In 1805 BrugnatclU gilded two silver 
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medals by making them the kathodes of a cell containing 
a solution of gold. Messrs. Elkington, about the year 
1840, introduced the commercial processes of electro¬ 
plating. In these processes a baser metal, such as German 
silver (an alloy of zinc, copper, and nickel), is covered 'with 
a thin film of silver or gold, the solutions employed being, 
for electro-gilding , the double cyanide of gold and potassium, 
and for electro-silvering the double cyanide of silver and 
potassium. 

Fig. 269 shows a battery and a plating-vat containing 
the silver solution. As anode is hung a plate of metallic 



silver which dissolves into the liquid. To the kathode 
are suspended the spoons, forks, or other articles which 
are to receive a coating of silver. The addition of a 
minute trace of bisulphide of carbon to the solution 
causes the deposited metal to have a bright surface. If 
the current is too strong, and the deposition too rapid, 
the deposited metal is grayish and crystalline. 

In gilding base metals, such as pewter, they are 
usually first copper-coated. The gilding of the insides of 
jugs and cups is effected by filling the jug or cup with the 
gilding solution, and suspending in it an anode of gold, 
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tin' vessel itself being connected to 11u* pole of (ho 

buttel'N . 

In j'ilvi-ri<»r gilding objects of iron it in usual lU'.st 
to plate them with a thin coating of copper deposited from 
uu “alkaline " cupper hath containing an nmumniacul solu- 
tinii of cyanide of «•*■, Brass is deposited also from 
uu iuuuiottiiu'al snlut ion t»t* tin* mixed cyanides of copper 
und /inr. In the 1 1 1 *j m isitisut of nickel a solution of the. 
double sulphate of nickel and ammonium is used ; the 
uiiudn Wing a Hheef uf rolled (or east) niektd. 

Kxeept on the very small scale butteries are now 
seldom used tor elertrotyping ami platino A shunt,- 
wouml dynamo designed to give a large out put of current 
at r> to lu volts pressure is generally preferred, 

406a. Other Bleotrolytlo Prooossos. - The 
eleetrolylie, aelioii of the eurreuf is now conuuetvially 
employed for other purposea than the. deposition of 
metal*. By the «1 rut rolyaia of chloride of potassium 
under suitable eoudilioiiH chlorate of potash is now munu- 
laetured in large quantities. Bleaching liquors containing 
hypochlorites cun also be produced from chlorides. 
CaUHtic st«la is prepared by electrolysis of common salt; 
mul si'Veml electrolytic methods of disinfecting sewage, 
liave been proposed. 

It, has also been shown that the slow processes of 
tanning can be m-eclemted by the aid of e.leetrie. currents, 
Uu* act ion being probably osmotic rather than electrolytic, 

It seems probable that ill the future the use of' electric 
i-umnits will enter largely into tho chemical manufactnim 
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Lesson L .—Electric Telegraphs 

497. The Electric Telegraph.—It is difficult to 
assign the invention of the telegraph to any particular 
inventor. Lesage (Geneva, 1774), Lomond (Paris, 1787), 
and. Sir F. Ronalds (London, 181C) invented systems for 
transmitting signals through wires hy observing at one 
end the divergence of a pair of pith-balls when a charge 
of electricity was sent into the other end. Cavallo 
(London, 1795) transmitted sparks from Leyden jars 
through wires “according to a settled plan.” Soemmering 
(Munich, 1808) established a telegraph in which the 
signals were made by the decomposition of water in volta¬ 
meters ; and the transmission of signals by the chemical 
decomposition of substances was attempted by Coxe, R. 
Smith, Bain, and others. Ampere (Paris, 1821) suggested 
that a galvanometer placed at a distant point of a circuit 
might serve for the transmission of signals. Schilling 
and Weber (Gottingen, 1833) employed the deflexions of 
a galvanometer needle moving to right or left to signal an 
alphabetic code of letters upon a single circuit. Coolce 
and Wheatstone (London, 1837) brought into practical 
application the first form of their needle telegraph. Iieury 
(New York, 1831) utilised the attraction of an electro¬ 
magnet to transmit signals, the movement of the armature 
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producing audible sounds according to a certain code. 
Mum' (New York, inn?) «U«viwt>d a telegraph in which 
tl»' at truction nf nu armature l>y an electromagnet was 
made to mark a slot, or a slush upon n moving atrip of 
pit|>rr. SU'inlu-it {Munich, 1837) climsvmvtl that instead 
«*f a return wire tin* earth might he used, contact being 
made to earth at the two end* by means of earth .plates 
fw*e Fig, 274) sunk in the ground, Gintl (1853) and 
Stearns {New York, 1870) devised methods of duplex 
signalling. Stark t Vienna) and llosscha (Leyden, 1855) 
imeuteil tiijilrx signalling, and Heaviside. (Loudon, 187.3) 
and Edison (Newark, N..L, 187*1) invented t/iuulntplex 
telegraphy. Vnrh'y (.London, 1 H7o) and Elisha Gray 
(t'hieftgo, 1874) devimnl harmonic telegraphs, For fust- 
«j«8td work WhettUUmts devised his autonudio trausmittov, 
in which tho aigUR which represent the letters arc first 
punched by machinery on, strips of jutper ; those are then 
run at a great ajwod through the transmitting instrument, 
which telegraphs them olf at a much grantor rate than if 
the w'|«triU« signals were telegraphed hy hand. Hughes 
devim'd ft type-printing telegraph. Wheatstone invented 
nu AIM- telegraph in which signals arc spelled by a hand 
which moves over a dial. Gowpor (IB7(S) and Elisha 
Gray (1HD3) invented ftutogmphic writing telegraphs. 
For cable-working U»rd Ktdvin invented his mirror 
galvanometer and his delicate siphon-recorder, It is 
imptwsdlde in these Lesson* to descrihe move than one or 
two <»f the aimple ordinary forms of telegraph instrument 
now in u«e in Great Britain. Students desiring further 
information should consult the excellent manuals on 
Telegraphy by Messrs. Drawee and Hi vow right, and by 
Mr. Gulley, 

408, Single-Needle Instrument.— Tho siugle- 
mmdlo instrument (Fig. 270) consists essentially of a 
wrfclad galvanometer, in which a lightly-hung magnetic 
ttuwli© h deflected to right or loft when a current is sent, 
in one direction or the other, around a coil surrounding 
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tlie needle; the needle visible in front of the dial is but 
an index, the real magnetic needle being behind. A code 
of movements agreed upon 
comprises the whole alphabet 
in combinations of motions 
to right or left. In order to 
send currents in either direc¬ 
tion through the circuit, a 
“ signalling-key ” or “ tap¬ 
per ” is usually employed. 

Tire tapper at one end of 
the line works the instru¬ 
ment at the other ; but for 
the sake of convenience it 
is fixed to the receiving in¬ 
strument. In Pig. 270 the 
two protruding levers at the 
"base form the tapper, and 
"by depressing the right-hand one or the left-hand one, 
currents are sent in either direction at will. 

The principle of action will be made more clear by 



Fig. 270. 



Fig. 271. 


reference to Fig. 271, which shows a separate signalling 
key. The two horizontal levers are respectively in com¬ 
munication with the (< line/’ and with the return-line 


through " earth," When nut in urn* hath levers spring 
up !H'<uU'*t n rr>>-r, -,tiij> of metal joined to the zinc polo 
««f ihi- batten. At their further end is unofhev cross 
sirs]*, \vho h i otumunienies with the copper (ov -1-) polo 
*.f the buttery, <hi deprewing the “lino ,, key tho 
. uueut mill through the line and hitelc by earth, or in 
the pe.of mv dm etitm, < In depressing the. “ earth” key 
,the line key remaining in contact with tlui '/.inc-eounucled 
silnje, the current run* through the, earth and back by 
the line, or in the nsijittitr. direction. Telegraphists 
ord manly »pe«k of these im positive and negative car rents 
leaped l\ el\. 

40©, Tito Moraa Instrument. -- -Thu most widely 
used iiuttnuuent nl tin 1 pivHent day is the Morse, It con- 


Local Battery 



tdKirt essentially or mi electromagnet, which, when a 
current pawns through its coils, draws down an armature 
fur it short «>r a long time. It- may cither he arranged as 
a "mnmder” in which case the operator who ia receiving 
the message listens lu tlm clicka, ami notices whether tho 
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intervals between them, are long or short; or it may be 
arranged as an “ embosser ,” to print dots and dashes upon 
a strip of paper drawn by clockwork through the instru¬ 
ment. In the most modern form, however, the Morse 
instrument is arranged as an “ink-writer” (Fig. 272), in 
which the attraction of the armature downwards lifts a 
little inky wheel and pushes it against a ribbon of paper. 
If the current is momentary it prints a mere dot. If 
the current continues to flow for a longer time while the 
ribbon of paper moves on the ink-wheel marks a dash. 
The International Morse code, or alphabet of dots and 
dashes, is as follows :— 


K — . — 

U . . — 

L . — . . 

V . . . — 

M- 

W.- 

N — . 

0- 

X — . . - ~ 

P .-. 

Q-. __ 

Z- 

Full stop . . 

It . — . 

Repetition . . • 

s . . . 

Hyphen — ... 

T — 

Apostrophe. — 


Tlie American Morse code differs in many respects from the 
International code, the signals for some of tho letters depending 



m the length of the spaoings between the dots and dashes ; and 
noro than four marks are used to form some of the letters. 

The Morse key is shown in Fig. 273. The line wire 
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■ i<ttt*«- - it .8 luili flu- i*uttid j'i\i«l A, A Hjiring keeps 
lhi fi.>ni . u l ><1 !l»' hi \ *li-Viilr'l whin not hi umu, Mo 
ih *f tb> 1;?i< « hi’ i ] in i ti»iimmui‘!il(iiu ihruugh tlu> 

* n-i ■ fit*- Ini w uli lh«* in living inulnuiii'iit or rel ay. 
I*>* ■ -Hi,; flu- h*-\ Sifr.th ' flii* commitment ion, and ],y 
j-ofius,- ilo luu’ wire in i"iiimuiui’iitiun with llm mauling 
h,iffi s i 5 1 ,*n• null n • uirent thfougli tin’ lint** 

ih Hi Upon and CJUmnd Oiroult ’Working’.— 
r.-.o-.j** iu s. S. ,:i.ij.Sn woih on tin- *>ju-u - firouit plan, 



tin* lottery Whig out of circuit wlu*n no lmwiigr w being 
wn i. American telegraph* are usually on the cloeod- 
r»r<-wt j*kn ( the current hoing always on until interrupted 
t« mu4 ftigualn. In the ojwtwnrouit method, na it in 
jiww 4 »y that a line ihmtld he capable of lining worked 
from either end, it Imtlery i* iw»d at each, and the wires 
m» rotmerled that when at either end n moiwtigu ia being 
twelve*!, the lottery circuit at that end shall bo open. 
1%, S?4 show* the »hnple»t pofwihlo case of snob an 
airaugmueut, At each end i* a battery so, one pole of 



Mor.se key K Tins key is arranged (liKe that m ± lg. 
2 *7 3) so that when it is depressed to send a signal 
through the line it quits contact ivith the receiving 
instrument at its own end. The current flowing through 
the line passes through K' and enters a receiving instru¬ 
ment G' at the distant end, where it produces a signal, and 
returns by the earth to the battery whence it started. A 
similar battery and key at the distant end suffice to trans¬ 
mit signals in the opposite direction to G when K is not 
depressed. The diagram is drawn as if G were a simple 
galvanometer; but the arrangement would perfectly 
suit the Morse instrument, in which it is only required 
at either end to send long and short currents without 
reversing the direction, as with the needle instruments. 

501. Relays.—In working over long lines, or where 
there are a number of instruments on one circuit, the 
currents are often not strong enough to work the record¬ 
ing instrument directly. In such a case there is inter¬ 
posed a relay or repeater. This instrument consists of 
an electromagnet round 
which the line current 
flows, and whose delicately 
poised armature, when at¬ 
tracted, makes contact for 
a local circuit in which a 
local battery and the re¬ 
ceiving Morse instrument 
are included. The prin¬ 
ciple of the relay is, then, 
that a current too weak to 
do the work itself may set 
a strong local current to 
clo its work for it. 

In Fig. 2 *7 2 the Morse 
receiver (an “ink-writer”) M is placed in a local circuit 
with a local battery LB and a relay of the British Post- 
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t llln <■ pato-in. Wlit ni v« r a \ tiiivii! in (lie line ciivuil, 
move. Ilf t"»m.Ue "I the 1 *1»> It <•!•* ex tin- loeal ciivuil, 
ami 1 he M"r <• t*> u* l either a dot or a donli 

upon tlie "(},{. 1 4 jup.-r. A view of the l\(). .standard 
rela\ it 'll !’• given u» Fig. ~7?». U i-. of the ** poluri/ed " 
kui.l Ait. «*5 S V ; n {« i mam ut steel magnet i.|‘ cniu|iacL 
shape being “ > »l to muglirlt/e luligUeu that Ule pivoted 
het wcell the poles *4 the eleitiiiniugliet. 

hCM. FfUiltn in Ttilogrmph Linow. Faulk may 
ittviu in tehymph hue-* lmm several ranees ; either I'nuu 
the 1 (leakage u! the wires or ruuduetorM, «.j* I'r.iin the 
breakage 1 4" the in«ul<it<>i>t, thereby «lnut circuit iug the. 
cmivUt through the earth before it reuelieM the did Mil. 
datum, or, a* iti overhead w ilex, by {Wu conducting \\ in*M 
I<nifj*iii {4 urn* another, VnnutiH iiimiIch fur tilting the 
existence uit>i |n«iti«iii of bnilb* it re known to telegraph 
engineers t they dejnuid u|«»n amtmlo mrueurenicntM u [’ 
rcnidanco or of rapacity. Tlm», if n telegraph cable purl, 
in mill oteim it i* possible to calculate the distance from 
the shore end to the hrokeu end by emuparing t he resistance, 
that the eable in klloWli to offer Jier mile With the. renint- 
Uliei* ulfrjvd hv the length up to the fault, and dividing 
th«' latter hy the former, 

6Q&. Duplox ttnd Quiulruplox Telegraphy. 

Til Wild two messagm through one Wire, one from riteh 
end, at the wimc time, i« known m duplex workinj.;. 
There are two distinct method* of arranging apparatus for 
duplex working. The flr*l of these, kmiwu n« the ilijlir- 
rnliftl melhmi % involves the mm of instruments wiuiiul wilh 
tlifferenlinl roil*, mid i« applicable to apecial ruses. '1‘lic 
wrumi method of duplex working, known in I In* /ira/i/i* 
in capable of much nmre general it|ipliea!ion. 
The diagram of F%, a?fi will explain the general priiteiple. 
Tins llwt requirement in duplex working ix that the 
instrument at each end shall only move in rexpuuxc to 
Mgtiid* from the other etui, m limt nn ojK-mtor at It may 
be aide to to the distant instrument M' without Ida 
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own instrument M being affected, M being all live while 
in circuit and aide to receive signals from the distant 
operator at It'. To accomplish this the circuit is divided 
at It into two branches, which go, by A and B respectively, 
the one to the line, the other through a certain resistance 
P to the earth. If the ratio between the resistances in 
the arms ItA and ItB is equal to the ratio of the resistances 
of the lino and of P, then, hy tho principle of ’Wheatstone’H 
Bridge, no current will pass through M. So M does not 
show any currents stmt from R ; hut M' will show them, 
for the current on arriving at (1 will divide into two 
parts, pari (lowing round to tlu* earllv hy It', the other 



Fig. 270. 


part flowing through M' and producing a signal. If, 
while this is going on, the operator at tho distant It' 
depresses his key and sends an etpial current in the 
opposite direction, the How through tho line will cease ; 
but M will now show a signal, because, although no 
current (lows through the line, the current in the branch 
ItA will now (low down through M, as if it had come 
from the distant It', so, whether the operator at It he 
signalling or not, M will respond to signals sent from It'. 
Tn duplexing long lines and cables condensers are em¬ 
ployed in the arms ItA and ItB of the bridge ; ami 
instead of a mere balancing resistance at P and Q there is 
used an “ artificial cable,” a combination of condensers 
and resistances to imilule tho electrical, properties of the 
actual line or rubles between the stations. 





lie Diplex method of working consists in sending 
nessages at once through a wire in the same direc- 
To do this it is needful to employ instruments 
h. work only with currents in one given direction, 
method involves the use of polarized relays, which, 
; themselves permanently magnetized, respond tliere- 
mly to currents in one direction, 
lie Quadruplex method of working combines the 
ix and the diplex methods. On one and the same 
are used two sets of instruments, one of which 
:ed by a polarized relay) works only when the 
ion of the current is changed, the other of which 
ted by a non-polarized relay adjusted with springs 
ive only with a certain minimum force) works only 
l the strength of the current is changed and is inde- 
ent of their direction. 

Lesson LT.— Cabb. Telegraphy 

04. Submarine Cables.—Telegraphic connnuni- 
1 between two countries separated by a strait or 



Fig. 277. Fig. 278. 


is carried on through cables, sunk to the bottom of 
ia, which carry conducting wires carefully protected 
l outer sheath of insulating and protecting materials, 
lonductor is usually of purest copper wire, weighing 
70 to 400 lbs. per nautical mile, made in a seven- 
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fold strand to lessen risk of breaking. Figs. 277 and 
278 show, in their natural size, sections of the Atlantic 
cables laid in 1857 and 1866 respectively. In the latter 
cable, which is of the usual type of cable for long lines, 
the core is protected first by a stout layer of guttapercha, 
then by a woven coating of jute, and outside all an 
external sheath made of ten iron wires, each covered 
with hemp. The shore ends are even more strongly pro¬ 
tected by external wires. 

505. Speed of Signalling through. Cables.— 
Signals transmitted through long cables are retarded, the 
retardation being due to two causes. 

Firstly, The self-induction of the circuit prevents the 
current from rising at once to its height, the retardation 
being expressed by von Helmholtz’s equation (Art. 460). 

j Secondly, The cable in its insulating sheath, when 
immersed in water, acts laterally like a Leyden jar of 
enormous capacity (as explained in Art 301), and the 
first portions of the current, instead of /lowing through, 
remain in the cable as an electrostatic charge on the sur¬ 
face of the guttapercha. For every separate signal the 
cable must be at least partially charged and then dis¬ 
charged. Gulley states that when a current is sent 
through an Atlantic cable from Ireland to Newfoundland 
no effect is produced on the most delicate instrument at 
the receiving end for two-tenths of a second, and that it 
requires three seconds for the current to gain its full 
strength, rising in an electric wave which travels forward 
through the cable. The strength of the current falls 
gradually also when the circuit is broken. The greater 
q>art of this retardation is due to electrostatic charge, not 
to electromagnetic self-induction. The number of signals 
that can be sent through a cable in a given time is less 
as the capacity and resistance are greater. Tlie time 
required to transmit a given number-of signals through a 
cable of capacity K and resistance R is proportional to 
KR : so the retardation is proportional to the square of 
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hnijth uf lh<* cable. The various uii'iuw adopted to got 
uf thin ivirndniitm me explained in Act. doth It in 
al t«* in-fit in the circuit nt each end of the oaldo. 
uidciisiT of several microfarads, through which the 
uiN pm*'*. The tendency of the condenser to dis- 
rg<’ Indps to nuh tin* signal* and make each shorter 
>4ui )>«•!-. It h theoretically piissihle (compare Act. 
!) to compensate capacity by Hell'- induction • lmt us 
capacity of u nihln is lateral, not longitudinal, and 
rihutei! all along it, tlu> nelf-imlurtiou roils to emu- 
«itc tin* lotartlaliou would lmvo to ho applied an 
nts at intervals. A ruble with a self.inductive shunt 
oak at u point near its middle ImiiHiuitM signals more, 
idly th.in one not so compensated, 

500. Ruooivintf Instruments for Cabins,■-•Tlui 
ror - tjtilwiutmetrr of U»rd Kelvin (Act. '21 ft) was 
i»ed for cable signalling, the movements of the h]h> 1 
ight sweeping over the »mle to a short or a long 
anee sullleing to signal the dub ami dukhan of the 
w code. Inn'll Kelvin’s Siphon h'minlir in an inslm- 
it whieh writeH the signals u]ion a drip of papia’ hy 
following ingenious means -The. culde. communicates 
h a delicately suspended eoil of wire that hangs be¬ 
en the jades of a jatwerful magnet. To the. HUspemle.d 
irt attached a tine siphon of gloss Hiisjiended hy a silk 
e, one end of whieh dips into an ink vessel. Thu ink 
<e« niackii upon a drip of paper (moved hy cluck work 
iieally )uihI, the uiplmth, friction being obviated hy 
ug the siphon a continual minute vibration. The 
ion record is a wavy line having short and long waves 
dots and dashes. 


LkhhuN Id i. --MiteeUanmia Trltyruph* 

507. Multiplex Telegraphs. -Vnrley proposed to 
1 mcMsugcH by transmitting electrically nnisieul (ones, 
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interrupted to sound as dots and dashes. r riii« no-cessi- 
tated the transmission of currents either rapidly nltonml- 
mg or rapidly intermittent. (Iruy, who constructed 
harmonic tdcijmphc on this plan, found it possible to 
transmit live or six messages simultaneously in one line. 

By rising at each end of a .lino two synchronously 
revolving distributing switches, it is possible to semi 
several messages at once through a line ; the distributors 
(invented by Delnny) causing each transmitting instru¬ 
ment to bo in circuit with its corresponding receiving 
instrument for a small fraction of a second at regular 
short intervals. 

508. Electric Bolls.—Tin 1 , common form of .Electric 
Trcmhlivij Jkll (invented 18t>0 hy .John Mi rami) consists 
of an electromagnet, which moves a hammer hack ward 
ami forward hy alternately attracting and releasing it, so 
that it heats against a bell. The arrangements of the 
instrument, are shown in. Fig. 279, in which 10 is the 
electromagnet and II the hammer. A buttery, consisting 
of one or two Loci ouch 6 cells placed at some convenient 
point of the circuit, provides a current when required. 
Hy touching the “push” P, the circuit is completed, and 
a current flows along the line and round the coils of tin* 
electromagnet, which forthwith attracts a small piece of 
soft iron attached to the lever, which terminates in the 
hammer If. The lever is itself included in the circuit, 
the current entering it above, and quitting it at (! hy u 
coutact-hreaker, consisting of a spring tipped with plat¬ 
inum resting against the platinum tip of a screw, from 
which a return wire, pusses hack to the. nine pole of the 
battery. As soon as the. lever is altraded forward (lie 
circuit is broken at (! hy the. spring moving away from 
contact with the screw ; lienee the enrreut stops, and the 
electromagnet ('.eases to attract the armature, hut tin* 
momentum of the hammer carries it forward. Imme¬ 
diately afterwards, however, the hammer falls hark, again 
establishing contact aid, whereupon the ununlure is onco 
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; attracted forward, and so oil. The push P is shown 
ction in Pig. 280. It usually consists of a cylindri- 
nob of ivory or porcelain capable of moving loosely 
igh a hole in a circular support of porcelain or wood, 



Fig. 279. Fig. 


vhicli, when pressed, forces a platinum-tipped spring 
st a metal pin, and so makes electrical contact be- 
1 the two parts of the interrupted circuit. Bells 
ig a polarized armature, and without any break, are 
as call-bells for telephones ; the generator being a 
. magneto alternator like Fig. 243, driven by a 
le. 

D9. Electric Clocks and Chronographs.— 

:s may be either driven or controlled by electric 
tits. Bain, Hipp, and others have devised electric 
s of the first kind, in which the ordinary motive- 
r of a weight or spring is abandoned, the clock being 
n by its pendulum, the “bob ” of which is an electro- 
et alternately attracted from side to side. The diffi- 
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culty of maintaining a perfectly constant battery current 
lias prevented such clocks from coming into use. 

Electrically controlled clocks, governed by a standard 
central clock, have proved a more fruitful invention. In 
these the standard timekeeper is constructed so as to 
complete a circuit periodically, once every minute or half 
minute. The transmitted currents set in movement the 
hands of a system of dials placed at distant points, by 
causing an electromagnet placed behind each dial to 
attract an armature, which, acting upon a ratchet wheel 
by a pawl, causes it to move forward through one tooth 
at each specified interval, and so carries the hands round 
at the same rate as those of the standard clock. 

Electric chronographs arc used for measuring very 
small intervals of time. A stylus fixed to the armature 
of an electromagnet traces a line upon a piece of paper 
fixed to a cylinder revolving by clockwork. A current 
sent through the coils of the electromagnet moves the 
armature and causes a lateral notch in the line so traced. 
Two currents are marked by two notches ; and from the 
interval of space between the two notches the interval of 
time which elapsed between the two currents may be cal¬ 
culated to the ten-thousandth part of a second if the 
speed of rotation is accurately known. The velocity 
with which a cannon ball moves along the bore of the 
cannon can be measured thus.' 
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610. Early Talephone«, Tlm fb-wi. wirn^riil 
,tempt t« transmit wounds electrically wan’ math in 
Ml by lieift, who succeeded in conveying musical mnl 
Liter tones by an imperfect telephone. In this inslru- 
lent the voice was mused to net upon a point, of loom 
mind itt nit electric circuit, mnl by bringing those parts 
tu greater or less intimacy of contact. (Arl. - 101 ) 1 , thereby 
tried tlm resistance ottered tu the circuit. Tlm lmn«- 
litting ptrt of liews telephone consisted of a battery 
!ttl tt contact-breaker, tin* latter Wing formed of a t.ym- 
nuum or diaphragm of stretched membrane, capable of 
iking up sonorous vibrations, mul having attached to 
a thiti elastic strip <»f platinum, which, a« it vibrated, 
[•at tu and fro against the tip of a platinum wire, so 
akiug amt breaking contact wholly or partially at each 
ibrathm in exactly tlm name manner a« is done witli Llio 
trboit contacts in tlm modem transmitters of Blako, 
erliimr, etc. Tlm receiving part of the inslnuminl 
insisted of an iron wire fixed upm a sounding-lioard 
nd aurnmndiHl by a coil of insulated wire forming part 
r the circuit, The rapid magnetmition and demag- 
otisatlon of such an iron core will produce audible 
muds (Art, U4h If tlm cummi vnr*v tti« tw* 
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is partially magnetized or demagnetized, giving rise to 
corresponding vibrations of varying amplitudes and 
forms ; lienee sueli a wire will serve perfectly as a re¬ 
ceiver to reproduce speecli if a good transmitter is used. 
Reis himself transmitted speech with his instrument, but 
only imperfectly, for all tones of speech cannot be trans¬ 
mitted by abrupt interruptions of the current, to which 
Reis’s transmitter is prone when spoken into, owing to 
the extreme lightness of the contact : they require gentle 
undulations, sometimes simple, sometimes complex, ac¬ 
cording to the nature of the sound. The vowel sounds 
are produced by periodic and complex movements in the 
air ; the consonants being for the most part non-periodic. 
Reis also devised a second receiver, in which an electro¬ 
magnet attracted an elastically-supported armature of 
iron, which vibrated under the attraction of the more or 
less interrupted current. 

In 1876 Elisha Gray devised a transmitter in which 
a variable water-resistance (made by a platinum wire 
dipping into water) was acted upon by the voice. He 
designed an electro-magnetic receiver. 

Telephone receivers were invented by Varley and 
Dolbear, in which the attraction between the oppositely- 
electrified armatures of a condenser is utilised in the pro¬ 
duction of sounds. Dolbear’s receiver consists merely of 
two thin metal disks, separated by a very thin air-spaco. 
As the varying currents flow into and out of this con¬ 
denser the two disks attract one another more or less 
strongly, and thereby vibrations are set up which cor¬ 
respond to the vibrations of the original sound. 

In 1876 Graham Hell invented the magneto-tele¬ 
phone. In this instrument the speaker talks to an 
elastic plate of thin sheet iron, which vibrates and 
transmits its every movement electrically to a similar 
plate in a similar telephone at a distant station, causing 
it to vibrate in an identical maimer, and thereby to 
emit identical sounds. The transmission of the vibra- 
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ten. >l< !«■!!.! ■ Jijh.n ill.' pi 111 . tplc i .1 

511 -S.i ts..s< explain* I ill I,- Will, Fig. gM l nhnw 

li-i-'l , 1. 1«|«S( <«»j- m *>• - hm Tli«' 4* 1 Hi- j.lai'i'.l ltcluui 

4 » 4 »«* > I-, {«. U It t* ll (III- Hf U'llkl'l* plitlTM 111 

n« ■ t*- ' ?’*i. I»> »i* i h» rur. Hrhmd the di-k i;* a nui}! 
3«i V V insnrii.; lii. i. Hugh »*1 tha* linti iiiurnt ; mid tipoi 
in Si.ul j- 4. , v>i«*h tn-.itU t««n«hs't tin 1 dt<h, is fixed 
• iimII . 4 'S-mU, • *»» \\ In* it i f > «Mint'l a <•<*11 < 1 i>l liHi* i umI' 
!,»!•> 4 v.*u», Sir- « ii i> of lie *><«! tn-ifn* * "Iiticrli'il wilh (|| 
I* t mm 4 Cijrttn FI*. f he* *<il« ll lit; Uuineltl i.« Used t 



Iran nut, mot fii<- In i i-i vi\i‘ tin- outuidi 
tli«-1«" Im-iuk >"ftiH’i-ttil in duple rireni 
N«» kiltejy 11 needed, |i«r thr Irummiilliu 
hi4i muiftt it M-li Ki-urtalff. the induce 
♦ UHVUU* Hn follow* ; The »UUf 4 »U*I A i 
ii certain number .4 um^iirl) 
hin-( through the mil (Mirny of llu'H 
Y% » mU* the ium di«k, When the iru 
d»4t in vibrating move* toward ill 
magnet-pole, iin iiv magnetic linen mo<i 
it ; m licit it irivitcji, fewer linen meet i| 
ii itK'tU'U t*» n»4 I'm will thr 1 ’i‘i'iire alU 
lltf number t »/ line* which pitM thrmtjh tl\ 
ImlSmi* t>f ihf tml f, iuul will therefni 1 


H Art. TJ.V generate in tin* win* i>f I lit- mil* current 


w In* .ii in jirtijHiftmiml to thr rule ui rliuugu i; 


t)i<’ number of tin* Hurt, lirU*» instrument, wlirii tx hoi 


I«A ii Ir.iUi.iiuttfr, Hilly therefore 111' regarded hh ii inrl c, 
\ tiuniing tl\ iiitmu, which jimupH current* in nhrvnatj 
directtuim mt»» Ui*' wire. At thr mil tin* fiirrunt 


in it icy mine flow round thr rods either in oiu' diruetiol 
or thr other, mul therefore either udd umimmtniily U> a 
take Jnmi the #tlength uf the magnet, Whim Ih 
tmrtrtii tu thr cnih i* in such n ilireeliou iih lu rmiiforo 

llw isiitgiwi* thu magnet, nttmrU tlm iruit dink in Franli c; 
it itiMit* »lr«tigly Uwn Itefure, If the eurrent in in th: 
iHwietiatt Urn dl»k i« leim utUmUnl and Him bank 
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Hence, whatever movement is imparted to the disk of 
the transmitting telephone, the disk of the distant receiv¬ 
ing telephone is forced to repeat, and it therefore throws 
the air into similar vibrations, and so reproduces the 
sound. Bell’s method of transmitting was soon aban¬ 
doned (except for very short lines). In modern tele¬ 
phonic work Reis’s plan of using a separate transmitter 
with a battery is universal, the Bell instrument being 
used as a receiver only and not as a transmitter. 

511. Edison’s Transmitter.—Edison constructed 
a transmitting instrument, in which the vibrations of the 
voice, actuating a diaphragm of mica, made it exert more 
or less compression on a button of prepared lamp-black 
placed in the circuit. The resistance of this is affected 
by pressure of contacts ; hence the varying pressures due 
to the vibrations cause the button to offer a varying 
resistance to any current flowing (from a battery) in the 
circuit, and vary its strength accordingly. This varying 
current may be received as before in an electromagnetic 
receiver of the type described above, and there set up 
corresponding vibrations. This instrument also has been 
abandoned in favour of transmitters of the microphone 
type. Edison also invented a receiver of singular power, 
which depends upon a curious fact discovered by himself, 
namely, that if a platinum point presses against a rotating 
cylinder of moist chalk, the friction is reduced when a 
current passes between the two. And if the point be 
attached to an elastic disk, the latter is thrown into 
vibrations corresponding to the fluctuating currents 
coining from the speaker’s transmitting instrument. 

512. Microphones.—Hughes, in 1878, discovered 
that a loose contact between two conductors, forming part 
of a circuit in which a small battery and a receiving 
telephone are included, may serve to transmit sounds 
without the intervention of any specific tympanum or 
diaphragm like those of Reis and Edison, because the 
smallest vibrations will affect the resistance (Art. 400) at 
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him in plaord homely hehveeti two metal surfaces, mi Unit 
tho. current H«>\vh ttlu> loose particles. 'Plu*. voice 
afilH on nil Hit' l" ,,!l, ‘ ‘’"UltirtM ut once. 

li\,r all long lito* wni'U the microphone transmitter is 
included with *<■ hatlery of one or two cells in a small 
local circuit «>l' b'\v reiUHltuieo, in which is inserted Llio 
primary wire of a small triiUMfomier or induction coil. 
Tin, Hocondary wire of 1 hi 4 transformer is a coil of lino, 
wiro of many turns which transmits through the lino ami 
return circuit h much Hiunlhr currents at a higher voltage, 

613. Tolaphonn KxohnngoH. Kor enabling a 
lar^o number of oulwrihers to coinmmiiculo hy Iclophono. 
with otio. another, tho linen from each subscriber's inst/ru- 
incnt aro. brought to a emit ml oilier known an a telephone 
e.ivhaniff'. llere raoli lint* terminates on a me itch-hoard 
which'in an arranged that tlu* ojicmttir can in an umlaut 
make a connexion from llio line, of any one subscriber to 
that of any other, mo that thorn* two can talk together. 

614. Hug\h©»' Induction Balance.—Tho extreme 
MmeitivenesH of Brll’n receiver (Art. filO) to the feeblest 
currents baa auggowUnl its employment to detect currents 
too weak to affect the most delicate galvanometer. The 



currents muni, howovov, lu* intormilloul, or they will not 
keep the dink of the telephone in vibration. Hughes 
applied Huh property of the telephone to an instrument 
named the Induction Ituhmee (Fig. 2HU). A small 
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battery H, connected with a microphone. M, pawion through 
two ndln of wivi' I’ t , l\,, wound mi bobbins fixed mi a 
mutable bland, Above each of those primary coda are 
placed two Mfcmulury coils, H,, K,,, of wire, of tho name 
and of exactly tujuid uumbertTof tunm of wire. Tho 
Becmidnry roil* are joined to a receiver T, and ni'O wound 
in opposite directions. The result of tliin arrangement is 
Unit whenever a current oil hoi’ begins or slops /lowing in 
tho primary mita, I' t iuducoH a current in S,, and P„ in 
S. r A* Kj mnl are wound in opposite ways, tlm two 
currents thus induced in tho secondary wiro. neutralize 
oun another, and, if they nro of equal strength, balance 
mu' another so exactly that no Hound in hoard in tho tele- 
jdmno, lint a jawfoot balance oannot ho ohtaiuoil uuIchh 
tho n«i»tanoo8 mid this coolin'ion Us of mutual iuduo.tiou 
nml of wdf induction arc aliko. If a Hat ])iooo of nilvor or 
(«uoh m a coin) ho inlroducod between H, and P v 
thorn will Imj lost induction in than in .S u , for part of 
the inductive action in P, in now spent on Hotting up 
current* in tlus nmtw of tho motal (Art. 4fs7), and a Hound 
will again ho hoard in tho telephone. But balance can 
hu restored hy moving S„ farthor away from P y , until the 
induclion in Hy i« mlueed to oipudily with H,, when tins 
sounds in tins telephone again coohc, It in possible hy 
this means t«» tout this relative conductivity of dill'ercnt 
metals whiolt air introduced into tho coils, It i« even 
jKmwihlo l<> delect a counterfeit coin hy the indication 
thus afforded of its conductivity. This induclion halanco 
htw alms been applied in surgery hy Uraliam Boll to 
detect tho preacher uf a bullet in a wound, for a lump 
of metal may disturb tins induction when Bonus inches 
d blunt from tho coil*. 



CHAPTER XIY 

ELECTRIC WAVES 

Lesson LIV. —Oscillations and Waves 

515. Electric Oscillations.—If a charged condenser 
>r Leyden jar is discharged slowly through a conductor 
>f high resistance, such as a nearly dry linen thread, 
he charge simply dies away by a discharge which 
increases in strength at first and then gradually dies 
iway. If, however, the condenser is discharged through 
i coil of wire of one or more turns (the spark being taken 
jc, tween polished knobs to prevent premature partial dis- 
iharges by winds or brushes), tho effect is wholly different, 
'or then the discharge consists of a number of excessively 
•api.d oscillations or surgings. This is in consequence of 
■ho self-induction of the circuit, by reason of which (Art. 
158) the current once setup tends to go on. The first 
’uah more than empties the 
:ondenser, and charges it tho 
opposite way ; then follows a 
'everse discharge, which also 
>verdoes the discharge, and 
charges the condenser the 
mine way as at first, and so 
forth. Each successive oscil¬ 
lation is feebler than the preceding, so that after a number 
of oscillations the discharge dies away as in Fig. 284. The 
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r.|«irk *>f ft jnr ««* «{»•<« ii’ti>:«•«! ti'dlv * -s uf a tmtub«*r 
uf nuivenaivt* ftjmrk > m n\rp*>’ dtii-itum*, Uin* ptuuf uf 
thi«, n* {mini*tl out |.v 1 Ttuv in JHtii from I!u* «»\|M*ri- 
melit* of Sav»-i v, i* Iliitt IS jiir through u mil 

nre u ed !<• innKHrli/.* *l««d n«-r4ir«, tin* direction uf the 
mitgiuluatnm S’* iiiiom<tlou», king »*<!iirlunr?i one wuv, 
AitliriitJirfl the other. 

That « ilii*rhaige ought under < crhiiu eumlitiumi tn 
Ihh'hiiii* wn > uulid I'V vt»n Hdmiudt/, hunt 

Kelvin in 1 Hf.:» j in-dieted iSu-ftt- condition’', if the 
cajmcity of tin* n.mkiwr it K (farmT), llit* re*i»lnnn' uf 
iln* circuit It and it* inductance I, (henrieii), dn-re 

will Ih' illftf iujjfi if 

»< v'u,'K ; 


U> yfiUiK. 

In the former m«* the frequency n nf the ttttaiUutiaii* will 
k* BHflt that 

a™- /« J ; \ 

\ Kt, i\,i 

JiVrtW|st/r, K ”* (HU ia{rri'f«r«cl, kiO’QOGOt henry, it tut 

tUQ, »• m,(Mh 

If It is Hinnll n is nearly equal to 1 •: 

The t»rillfltitm» rim k» made idnwcr by inmiwing either 

K nr It. 'Dm owillatiimM of an ordinary kryden jar dim 
charge may hv.it only from a ten thuumiulth to n ten- 
millionth of a aecoml, Ity tiaing cuiln of wel Id mutinied 
wimiuul large condenser*, Lotlgo hiwiutm»eded in slowing 
down the oacillntiuiw to 400 n nerrmd; the »|iark then 
emitting a mimical note, Iran m found to retain its 
magnetic, profwrtie* even for oscillation* of the frequency 
of one million }mr rnmnd, 

Fabtoraen auba*qu«nUy twwuinwi the spark of a 

Ju«yd»n jar by mmm of a rotating mirror, and found that 
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instead of being a single instantaneous discharge, it 
exhibited definite fluctuations.* With very small resist¬ 
ances in the circuit, there was a true oscillation of the 
electricity backward and forward for a brief time. The 
period of the oscillations was found to be proportional to 
the square root of the capacity of the condenser. With 
a certain higher resistance the discharge became continu¬ 
ous but not instantaneous. With a still higher resistance 
the discharge consisted of a series of partial intermittent 
discharges, following one another in the same direction. 
Such sparks when viewed in the rotating mirror showed 
a series of separate images at nearly equal distances apart. 

516. Electric Waves.—Though the increasing and 
dying away of currents, for example in cables, is some¬ 
times loosely described as of “ waves 55 of current, these 
phenomena are very different from those of true electric 
or electromagnetic waves propagated across space. In the 
case of true electric waves, portions of the energy of the 
current or discharge are thrown off from the conductor 
and do not return back to it, but go travelling on in 
space. If a current increases in strength the magnetic 
field around it also increases, the magnetic lines enlarging 
from the conductor outward, like the ripples on a pond. 
But as the current is decreased the magnetic lines all 
return back and close up upon the conductor ; the energy 
of the magnetic field returns back into the system. But 
if for currents slowly waxing and waning we substitute 
electric oscillations of excessive rapidity, part of their 
energy radiates off into the surrounding medium as 
electromagnetic waves, and only part returns back. As 
will be presently set forth, these waves possess all the 
optical properties of light-waves, and can be reflected, 
refracted, polarized, etc. 

It is a fundamental part of the modern views of electric 
action that while an electric displacement (Art. 5V) is 

* These electric oscillations were examined also by Schiller, Over¬ 
beck, Blasorna, and others, notably by Hertz; see Art. 520 below. 
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U-tiiK produced in n »ls»'l»'iirn'i the HIV.i in surrounding 
span* b* 1 iu* mine *m tl there hud U*eu a conductive instead 
iifim inductive transfer of «■!*•« fruity, Maxwell gave the 
siium* of cUHidHOouiimt-ourrunt t«» the rale of change 
of the dnplacemeut. i*‘sj<4-rii»«ni proves that displace¬ 
ment cut rent*, while they 1«4, »rt up magnetic field* 
around them ; pnt «« euuvexioli »orients (Art. Mid 
conductiult flit lent* d»». 

617. Ilommimw. • The circumstance that whim 
certain definite relation** exist Im-tween the enpmity and 
inductance uf u cmuil and the frequency of the periodic 
rnnent**, the choking reaction* »f the** prujH'rtie* neu¬ 
tralize om* another, lm» Wit til mid y alluded to in Art. 
47d. And \ic hn\r seen (Att. Mf*> that a circuit with a 
certain self induction, eajweily, and mdwlanre tends t<> 
oscillate electrically at n certain frequency. If it lm 
placed iu a medium through which electric waves uf that 
frequency nttt pawing i» such a position tlmt the electric 
and electromagnetic fields uf the auccemive waves cun 
induce currents in it, each wave will give a slight impulse 
to the readilvM’xcited twiltutiom*, which will grow in 
intensity, just a* small given to a jhuuIuUuu at 

the right limes will make it swing violently. 

Tin* following merriment of Cdiver laHlge Wuitifully 
iliustrateH this pluutomeuuu uf mummr^ and at the same 
time the production uf waves 
hy an mediatory discharge. 
'1‘wo l#eyden jars, Kig. SHf», 
arc jdneed a little way ajvirt 
from mis another. One uf 
them, charged from an in- 
llueuee machine not show n, 
is provided with a hunt wire 
B n t to serve as a discharging 

* s ‘'' circuit, with a Rjwrk-gap H 

between the polished kttol** at the tup. The second Jar is 
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;au be adjusted by sliding in or out a cross-piece W 
looked upon the other portions. A strip of tinfoil is 
Drought hid from the inner coating over the lip of this 
jar, but does not quite touch the outer coating. If the 
two circuits are properly tuned together, whenever a 
spark passes in the gap at the top of A, surgings 
will be set up in. the circuit of B which will cause the 
jar to overflow, producing a spark at the end of the strip. 


Ljohhon LV .—The Electromagnetic Theory of Light 

518. Maxwell’s Theory.—In 1867 Clerk Maxwell 
put forward the theory that the waves of light are not 
mere mechanical motions of the ether, hut that they are 
electrical undulations. These undulations are partly 
lectrical and partly magnetic, oscillating electrical dis¬ 
placements being accompanied by oscillating magnetic 
fields at right angles to them, whilst the direction of 
propagation, of the wave is at right angles to both. 

ceording to this theory the phenomena of electro¬ 
magnetism and the phenomena of light are all due to 
certain modes of motion in the ether, electric currents 
and magnets being due to streams and whirls or other 
bodily movements in the substance of the ether, while 
light is due to vibrations to and fro in it. 

An electric displacement in its growth or decay 
produces a magnetic force at right angles to itself; 
it also produces (by the peculiar action known as in¬ 
duction) an electric force which is propagated at right 
angles both to the electric displacement and to the mag¬ 
netic force. Now it is known that in the propagation of 
light tire actual displacements or vibrations which con¬ 
stitute the so-called ray of light are executed in directions 
at riglvfc angles to the direction of propagation. This 
analogy is an important point in the theory, and imme¬ 
diately suggests the question whether the respective rates 
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Another consequence of the theory is that all conduc¬ 
tors, since they dissipate the energy of the currents set up 
in them, ought to he opaque to light. Metallic conductors 
are, except when in very thin films. But electrolytic 
liquids are not opaque, the mechanism of their conduction 
being different (Art. 490). In some crystalline bodies 
which conduct electricity better iu one direction than 
in another, the opacity to light differs correspondingly. 
Coloured crystals of tourmaline conduct electricity Letter 
across the loug axis of the crystal than along that axis. 
Such crystals are much more opaque to light passing 
along the axis than to light passing across it. And, in 
the case of rays traversing the crystal across tlie axis, the 
vibrations across the axis are more completely absorbed 
than those parallel to tlie axis : whence it follows that 
the transmitted light will be polarized. 

519. Energy Paths.—From Maxwell’s equations 
Poynting in 1883 drew the conclusion that in all cases 
where energy is transferred in an electric system it flows 
larallel to the surfaces of both electric and magnetic 
equipotentials. Wlxat we call an electric current along 
a wire is rather a transfer of energy by an invisible 
mechanism in the medium outside the wire. Wherever 
'n the wire there is resistance, wasting energy by degrading 
it into heat, at that point energy flows in laterally from the 
medium. According to this view, the service of the wire 
is merely to guide the energy flow going on outside it.* 
We know that when a current is started much energy is 
spent in building up around the conductor a magnetic 
field, the amount spent being JLC 2 (Art. 458). When 
fhe circuit is “broken” this energy flows on laterally 
into the wire, giving rise to the so-called extra-current 
sparks. According to Poynting’s view, which has been in- 
lependently elaborated by Heaviside, all the energy flows 
in similarly. Iu the case of the transfer of energy iu an 
alternate-current transformer from the coils of the primary 
* See particularly Oliver Lodge’s Modern Views of Electricity. 
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fii-t-uil t«> tli«mo of llu 1 secondary, it is pretty obvious that 
tbs' lb»\v of energy must take plaeo lulmtlhj to Hie coppei 
wire* ; and it also takes plaeo laterally to the iron wire? 
• <f tin* t«>jv, though this is not so obvious. 

DitIQ. IloHoarohea of Hertz.—In 1888 Hertz fount 
tin* ni'‘‘l convincing experimental proofs of Maxwell’i 
liu-on, isiul succeeded iii producing electromagnetic wavei 
in a way which jicnuittcd him to oxamim* their propaga 
turn through space, and to show that, whiles they wen 
much larger than ordinary waves of light, they posaossci 
tin* wmm properties, travelleil at this same speed,aiul wen 
l ajmi'h* of being veil ruled, refmeted, polarized, etc, 

Of the power of oscillatory discharges to propagat 
diwlurWnees iu the surrounding space sumetlung wa 
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already known. ileury had shown that they sot u 
other Hjmrks in distant conducting circuits. It had bee 
discovered * that a spark-gap in the exciting circuit wi 
necessary. Fitzgerald had definitely proposed to sta 
wavei by the oscillatory discharges of small cmulonscj 
But no one lmd systematically followed out the phenomci 
of propagation of the waves. 

Hertz, employed to start the waves an apparatus calk 
iiu mtiiiniur (Fig. U8(5), consisting of two metallic co 
dtictors (lulls or plates) united by a meiul rod, at tl 
middle of which was interposed a spark-gap between tv 
well - polished knobs. Ami to detect the waves at 

* gee pnpwr by the audior lu thu PhUomphimt Magadm (Heptomb 

i§W), 
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distance lie employed a resonator , simply a circle or square 
of wire, having in it a spark - gap capable of minute 
adjustment. In one experiment the oscillator consisted 
of two zinc plates A and 33 (Fig. 286) with sides 40 cm. 
long mounted 60 cm. apart, and having stont copper 
wires leading to a spark-gap between very brightly 
polished brass balls. A dry wood stand was a sufficient 
insulator. The resonator to match was a circle 36 cm. 
in radius. To experiment with this apparatus the 
oscillator is joined to a small induction coil. When 



a spark snaps across the gap it sets up a temporary con¬ 
ducting path for the surgings that follow. For a rush of 
current from left to right overcharges the rigld-hand plate, 
and so there follows a rush hack from right to left, and so ou. 
ISach spark sent by the coil across the gap consists of a 
dozen or so oscillations, each lasting about 'I /100,000,000 
of a second, the period being determined (Art. 515) by the 
capacity and inductance of the apparatus ; the discharges 
surging backward and forward from A to B until they 
die out (Fig. 284). Let the line drawn horizontally in 
Fig. 288 be termed the base line, and let the line A.I3 he 
termed the line of oscillation. Then if the resonator is 
placed with its centre on the base lino at a few foot away 
from the oscillator and is turned into various positions, 
various effects are observed. If the resonator is set 
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«4gr»,u vcrlwnlly, n<» *j*urk* wv observed in il whatever; 
llir Kiituiinm of (In* gup in tin- circle, If it is laid edge- 
*•»» liurj/ujiiidly *|«uU j«»«h between the. bulls of the 
Tim*** nr*' brightest when the gup-space is 
t»«wn:d tin' ntcillitlor, so that the induced spark 
»» pnulM to tin* primary spurk, If the resonator ho 
su*w turned broadside i«u to tin* oscillator it will ho found 
that th« re nr*' nj*urks when the gap is at the top or 
h*<lt*>m uf Uh* euvl*’ wi that the sparks are parallel to 
lb" pum«u> "park ; hut there are none if the gap is at 
tin- sale. The primary m«uk dues not hero induce sparkt 
at tight migten tn itself. 

The ifiirj-wn of eleetrie waves was observed in various 
h*«\ i*. If right oppusile the (woiilulor, h'ig. 2HO, is sot f 
huge metal sheet ns n reflector, to send back the wavrn 
that pass nhmg the Imso line, stationary nodes will Ik 
pr«»dnmt nt regular iutervnk If the resonator is pu 
hruwUwU'-oii, with its gap at the highoBt point, anc 
*t*rtvt*«! nhutg the lw« line till it lies flat against tin 
tdleetor, there will in this position he no sparks ; hut i 
it ii« *»htw Iv move*! Imt’k from the sheet sparks will show 
will emu" In a maximum, then die out as tins first nodi 
s» reached nt about IHu etn. from the re I lector. Passinj 
thin »*«!«- tin* sparks will begin again, nodes occurring a 
espial intmulH apart along tin* hasc lino. By usiu| 
large par«l«die mirrors Hertz showed that these cdeclri 
waves ran he relleeied and hrought to a focus exactly a 
light waves run be, Hurl/, also showed refraction with : 
prism of pilch ; ami polurimtum by means of gratings o 
jutritllel wires, 

I alter Tesla showed that llm Hertzian effects could b 
much uuguionfed by increasing the suddenness of th 
npnrk by using a mngm'l'm field to blow it out, Elih’ 
Tlummuti uses an air-blast across the spark-gap for th 
8tutl<» purpose. 

©21. Detectors of Uleotrf© Waves,—Tho Hert 
•{Htrk*g#p reaoimtor is only ono moans of detecting eleotri 
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jp. A prepared frog’s leg (Art. 255) may be used 
■ad of a spark-gap. A sensitive vacuum-tube, 
dally if primed by application with a battery of 
; hundreds of small cells not quite able of themscdves 
tart a spark, forms a good explorer. Electrometers ; 
wires capable of expanding when heated by the 
cod curreuts ; and galvanometers in circuit with the 
arc amongst the possible means. Best of all is Lodge’s 
ce of a tube partly filled with coarse iron filings, 
’ted in circuit with a galvanometer and a single cell, 
resistance of the filings is very great, and little 
mt flows, until an electric wave impinges upon the 
, when at once the filings conduct (compare Art. d 00 
londuetance of powders). On lightly tapping the 
the filings fall back into their former state. Using 
a detector, and an oscillator consisting of a highly 
died brass ball between two smaller balls, Lodge 1ms 
m how these electric waves can pass hundreds of feet 
ugh walls and floors of houses. Care must be taken 
Teen off with metallic screens the effects of stray 
ks. 

>22. Properties of Eleotrio Waves. —The uni- 
il equation connecting frequency n, wave-length A, 
velocity of propagation v is : v — nX. Talcing v 
ir) as 3 x 10 10 (cms. per sec.) as the velocity of light, 
the measured length of the' red waves (the longest 
>le) as 0-000076, it follows that the frequency of 
lation of these must be no less than 395 x 10 12 . 
waves artificially produced by electric oscillations 
if much lower frequency than these, and their wave 
th proportionally longer. Their wave-length depends 
he size of the apparatus used as oscillator, juBt as 
note emitted by - an iron cylinder when struck 
ts end depends on the length of the cylinder. The 
s-length of waves emitted from an oscillator consisting 
wire with a small capacity at each end is twice 
length of the wire. That of waves emitted from 
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phere (Fig. “f diameter J U tin/ s f 'A nv IVli d ; 
lhoy die out nil<*r <d*iut l vibration, If a Mjtark 
nndu Iteiweeh two knolm the diameter of u 

hollow cylinder, tlio \vtm>- 

# length of tho waves emitted 

from tho end of (ho cylinder 
f% irt llhout etplnl In j(H ilitumiU'V, 
T mul tho vibrations uvo nuiner- 
I ou« iK'forts nil tho energy ban 

1 U*eu radiated away. (ibhi^ 

- . . _ , J symmetrical j mi I'm of omi« 

T» \ denser* carefully ndjuHled, 
I I ^ Whort low ohtniuoil unoillnUoiis 

t hat ilu not ilio out till aft or 
Fl . >, iO.tHH) period*. 

**' K, '‘ Th« current* produced in 

w by omdlhithma of »uch enurmuu* frequency uvo only 
n-eummls (Art 478), the inner ]wrt of tho wire being 
o, llirnce for such currents tho impeding ivk'ikIhuco 
a htouf wire may ho 

IliintH or ohm-!. Urn* oviilonoo c=>—O—O o—O— c=j 
„ hi* is alforded hv the teiulouoy C 1,1 ptj 

fateful dmfamje, Thi* in LJ L^J 

dily shown by connecting IJ-S &IIEJ 

avoou tho Loyih-u jar* of nu ^ ^ 

luoneo maelthm a bmp of stout x"””' ‘ 
iper wire bout tw in Fig, 200. ( j 

hen n discharge taken place V^. _ 

tween tho knolw, there will fik imo. 


an ow’.Uhitory current »et up 

twoim tho outer coating* ftlw; and this o*cillutory 
mmt rather than flow along the metal loop will jump 
a iqwtrk nmm* tho parte that lie neare*t together. The 
uUuiey of lightning to produce lateral discharge* in 
lied upon by Oliver Imdga in hit contention iw to tlm 
dilatory diameter of the flank. 

628. 3?raYeUlnflr of Wav©* along 1 Wire®,—If an 
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oscillatory spark is sent into one end of a long wire, l>y 
the time that the second pulsation roaches its maximum 
the first will have travelled a certain distance 'which may 
he called the wave-length of the disturbance. According 
to Maxwell’s theory the velocity of propagation will bo 
equal to that of light, the energy really travelling through 
the air, and settling down laterally into the 
wire. It appears from experiment that the 
velocity of a wave guided by a wire is the 
same as that of a wave travelling in free 
air. That the speed of travelling is in¬ 
dependent of the thickness or materials of 
the wire was proved in 1870 by Von Bczold 
using the device of Fig. 291. Let an 
oscillatory discharge ho sent hy a wire at G 
into a rectangular circuit ABOD, having a 
spark-gap PQ, midway between B and D. v , Kt 
It is evident that if G is midway between 
A and G the impulses will arrive simultaneously at V 
and Q if both sides of the system are alike ; and there 
will be no spark. If now one side, say 01), be made of 
iron and the other, AB, of copper, it will be found that 
still the discharge must bo led in at G, exactly midway 
if there is to he no spark. 


Lesson LVI .—Other Relations between Liyht anil 
Electricity 

524. Eleotro - optical Phenomena. — Of late 
years several important relations have been observed 
between electricity and light. These observations may 
he classified under the following heads:— 

(i.) Production of double refraction by dielectric 
stresa 

(ii.) ltotation of plane of polarization of a wave of light 
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on traversing a transparent medium placed in a 
magnetic field, or by reflexion at the surface of a 
magnet. 

(iii.) Change of electric resistance, exhibited by 
selenium and other bodies during exposure to 
light. 

(iv.) Photo-chemical excitation of electromotive forces, 
(v.) Relation between refractive index and dielectric 
capacity of transparent bodies. 

(vi.) Electric effect of ultra-violet light. 

It was announced by Mrs. Somerville, by Zantedesclii, and 
others, that steel needles could lie magnetized by exposing 
portions of them to the action of violet and ultra-violet rays of 
light; the observations were, however, erroneous. 

Bidwell has found that light falling upon a recently de¬ 
magnetized piece of iron produces an instantaneous revival of 
magnetism. 

525. Electrostatic Optical Stress.—In 1875 
Dr. Kerr of Glasgow discovered that glass when subjected 
to a severe electrostatic stress undergoes an actual strain, 
which can he observed by the aid of a beam of polarized 
light. In the original experiment two wires were fixed 
into holes drilled in a slab of glass, but not quite meeting, 
so that when these were placed in connexion with the 
terminals of an induction coil or of an influence machine 
the accumulating charges on the wires subjected the 
intervening dielectric to an electrostatic tension along 
the electric lines of force. The slab when placed between 
two Nicol prisms as polarizer and analyzer* exhibited 
double refraction, as if it had been subjected to a pull 
and bad expanded along the direction of the electric 
force. Bisulphide of carbon and other insulating liquids 
exhibit similar phenomena, but fatty oils of animal and 

* A ray of light is said to be polarized if the vibrations take place in . 
one plane. Ordinary light can be reduced to this condition by passing it 
through a suitable polarizing apparatus (such as a Nicol prism, a thin 
slice of tourmaline crystal, etc.). 
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vegetable origin exhibit an action in the negative 
direction, as if they had contracted along the electric 
lines. It is found that the difference of retardation 
between the ordinary and extraordinary waves per unit 
thickness of the dielectric is proportional to the square 
of the resultant electric force. The axis of double refraction 
is along the line of the electric force. Quincke has 
pointed out that these phenomena can be explained by 
the existence of electrostatic expansions and contractions, 
stated in Art. 300. 

526. Magneto-optic Rotation of the Plane of 
Polarization of Light.—In 1845 Faraday discovered 
that a wave of light polarized in a certain plane can be 
twisted round by the action of a magnet, so that the 
vibrations are executed in a different plane. The plane 
in which a beam is polarized can be detected by observing 
it through a second Nicol prism (or tourmaline), for 
each such polarizer is opaque to waves polarized in a plane 
at right angles to that plane in which it would itself 
polarize light. Faraday caused a polarized beam to pass 
through a piece of a certain “heavy glass” (consisting 
chiefly of borate of lead), lying in a powerful magnetic 
field, between the poles of a large electromagnet, through 
the coils of which a current could be sent. In the path 
of the emerging beam was placed as analyzer a second 
Nicol prism which had been turned round until all the 
light was extinguished. In this position its own plane of 
symmetry was at right angles to the plane of polarization 
of the beam. On completing the circuit, light was at once 
seen through the analyzing Nicol prism, proving that the 
waves had been twisted round into a new position, in which 
the plane of polarization was no longer at right angles 
to the plane of symmetry of the analyzer. But if the 
analyzing Nicol prism was itself turned round, a new 
position could be found (at right angles to the plane of 
polarization of the waves) at which the light was once more 
extinguished. The direction of the magneto-optic rotation 
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of the plane of polarisation is the same (for diamagnetic 
media) as that in which the current flows which produces the 
magnetism. Verdet discovered the important law that, 
with a given material, the amount of rotation is pro¬ 
portional to the strength of the magnetic force H. In case 
the waves do not pass straight along the direction of the 
field, the amount of rotation is proportional to the cosine 
of the angle /3 between the direction of the beam and the lines 
of force. It is also proportional to the length l of the 
material through which the waves pass. These laws are 
combined in the equation for the rotation 6 : 

6 = to • H • cos (3 • l, 

where w is a coefficient which represents the specific 
magnetic rotatory power of the given substance, and is 
known as Verdet’s constant. Now, H • cos ft • l is the 
difference of magnetic potential between the point A 
where the wave enters and B where it leaves the medium. 
Hence 


w== v 

The value of Verdet’s constant for yellow sodium 
light, at 18° C., has been carefully determined. Its value 
(in radians per unit fall of magnetic potential) is, in 
bisulphide of carbon 1-222 x 10" 5 ; in water 0-3*75 x 10' 5 ; 
in heavy glass 2-132 x 10 -5 . For diamagnetic substances 
the coefficient is usually positive; but in the case of 
many magnetic substances, such as solutions of ferric 
chloride, has a negative value ( i.e. in these substances the 
rotation is in the opposite direction to that in which the 
magnetizing current flows). The phenomenon discovered 
by Hall (Art 397) appears to be intimately related to 
the phenomenon of magneto-optic rotation. For light of 
different colours the rotation is not equal, but varies very 
nearly inversely as the square of the wave-length. 

Gases also rotate the plane of polarization of light in 
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a magnetic. Held with vuiying amoimlw; coni-gun and 
carbonic: acitl being more powerful than air or hydrogen ; 
oxygen and ozone being negative. The rotation xh in all 
cases very slight, and varieH for any gas in proportion to 
the quantity of gas traversed. 1 i. .Beequerel has shown 
that the plane of the natural polarization of the sky does 
not coincide with the plane of the sun, but is rotated by 
the influence of the earth's magnetism through an angle 
which, however, only reached 55)' of arc at a maximum 
on the magnetic meridian. 

Wo have soon (AHh. 12(1, 307, and 398) what evidence thoro 
is for thinking that magnetism is a phenomenon of rotation, there 
being a rotation of soviet king around an axis lying in the direction 
of tlie magnetization. Hncli a theory would explain the rotation 
of the plane of polarization of a my passing through a magnetic 
field. For a ray of plane-polarized light may bo conceived of as 
consisting of a pair of (oppositely) circularly-polarized waves, in 
which the right-handed rotation in one ray is periodically counter* 
acted hy an equal loft-handed rotation in Lho other ray; and if 
such a motion were imparled to a medium hi which there were 
superposed a rotation (such as we conooivo to take place in ovary 
magnetic Hold) about the same direction, ono of those cirailarly- 
polarizod rays would ho accelerated and the other retarded, so 
that, when thoy woro again compounded into a single plane- 
polarized ray, this plane would not coincide with the original 
piano of polarization, buL would ho apparently turned round 
through an angle proportional to the superposed rotation. 

627 . Kerr’s Effeot.—Dr. Kerr showed in 1877 
that a ray of polarized light is also rotated when reflected 
at ths surface of a, magnet or electromagnet. When, the 
light is reflected at a pole the piano of polarization is 
turned in a direction contrary to that in which tlie 
magnetizing current flows. If the light is reflected at a 
point on the side of the magnet it is found that when 
the plane of polarization is parallel to the plane of 
incidence the rotation is in the flame direction as that of 
the magnetizing current; but that, when the plane of 
polarization is perpendicular to the plane of incidence, 
the rotation ia ii he same di’cctiou ts tla of the 
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magnetizing eunvut only when the iin*i«U*nit* i-xoh'iIh 
7ft being in the opposite direction al hv«er uncles of 
incidence. 

620. Kundt’a Effect. Kundt found Unit Iho plane, 
of polarization of wavcn in a I.mi rotated jf (lu> light, 
in passed through a lilm of iron ho thin a* In he irnitH- 
pareul, if placed traiiHvemdy iu u magnetic held, 

520. Photo -electric Proportion of Selenium, 

In IH7H Willoughby Smith announced tin* discovery 
(by «I. 10. Mu\ hew) tlmt tin* element selenium po.-wuBCH 
tlm abnormal property of changing itn electric vemHluiicu 
under the iutluene.e of light. Ordinary ftmed nr vifivoim 
wleiiium \n a very lmd conductor ; it* rcHkfnucu being 
nuurly forty-thnUHuml million (3‘B x 1 i> 10 ) timeH an great 
an that of copper. When carefully annealed (by keeping 
for Home bourn at a temperature of nhouL ('., jiml. 
below it« fusing twilit, and iulwnquent »luw cooling) it 
iWHunu«» a crystalline condition, in which iu electric 
reBiHluiten in eoiiHuloralily ml need, In Ut« latter rondi- 
lion, enpeeially, if i« wuHitivn In light. AdntnH found 
tlmt. greenish-yellow my* were tlu- most elVeetive. He 
alw> nhowed that the rhuuijr of t let-trie rmithtner. varies 
directlif us Ow mjuure, root of the illumination, and that the 
rearntnuee irt lens with a high electromotive form than a 
low one. In 1H7U, (Indium Hell and Humuer 'fainter 
devised “selenium mils,” in which annealed selenium 
in formed into narrow atrip* between the edges of broad 
conducting platen of lira*, thtn* weeuriug both a reduction 
of tlm tnumveme munlnnc-e and a large amount of Hurfucc- 
expotmru to light. Thus a cell, wluwn resistance in the 
dark wan 30U ohms, when expound to sunlight lmd u 
resistance of lmt 1 ftt) alum*. Thitt projmrty of Helcnium 
thews investigator!* ai»plied iu the construction of tlm 
Photophone, an instrument whieh transmits sounds 
to a distance by mean* of a beam of light mllecLud to 
a distant spot from a thin mirror thrown into vibrations 
by the vote®: the beam falling, consequently, with 
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■lisity upon a receiver of selenium connected 
ritli a small battery and a Bell telephone 
t. 510) in which the sounds are reproduced 
tions of the current. 

properties are possessed, to a smaller degree, 

. Carbon is also sensitive to light. ° 
loto-chemical Cells.—About the middle 
at century Becquerel showed that when two 
ver, coated with freshly-deposited chloride of 
laced in a cell with water and connected with 
iter, a current is observed to pass when light 
ne of the two plates, the exposed plate acting 
; and Minchin has more recently shown the 
other photo-chemical combinations. Some of 
ry sensitive to electric waves of greater wave- 

loto-electric Loss of Charge.—In 1887 
e the discovery that a spark starts more 
,veen the balls of a discharger when illumin- 
lit that is rich in violet and ultra-violet rays 
light, arc light, or spark of induction 
vhen not so illuminated. The effect varies 
nt metals, with their cleanness, the nature of 
Lding gas, with the kind of charge, and with 
,tion of the light. In ultra-violet light freshly 
lc in air rapidly discharges a negative charge, 
Dsitive one. On the other hand the peroxides, 
osphere of hydrogen, when so illuminated 
harge positive charges. The effect is stronger 
lane of the vibration of the incident waves is 
les to the surface than when the polarization 
all el plane. The phenomenon appears to he 
small light-waves stimulating chemical re- 
cli do not occur except (Art. 322) by a species 
exchange. In a strong magnetic field no such 
occur. Hallwachs charged clean zinc plates 
>y exposure to ultra-violet light. 
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n 8% r,.i «u it «»v Ki Kt rnit \i. 1 'mtm am< 

•Si vsi'vim*, (An -rii v< i) 

Ihitid lh> y \ni tifit) «/ Jllijnsl 1 Hil I 

Wur.ttr %» i»y *’Tt«’ Weight* ami Metain-es Aft, ISHsi," il in 
among «!h«*t (lung* rtt4«'lr»l that tin* llortlil til' Trmle n1m.11 
f«*l» l»WI» l« !Utt» M»W Hilt'll llt'W tlt'IMHIllimlitiriH of mIiiikIiU'iIh 
f«r the iioii-mmiiotil «f rliftrielty m» atijimr to thorn lo ho 
f«|»urr 4 f*»r mw in trade t«» Iw math' aud duly Verified. 

And »Jt*»rr*a it lia.*> l*r«»| made to MtjijiMU' til till' Dolll'il of 
Tn*d*> that new d«nomiti»linm of fiUnihtriln nro reijuired Ibr 
«w in 1 1 ««!<■• ojM<u tlu’ following units of oli'i'ivhittl 

X U>. ; 

1, The* «4«i, whioli Sian lln» value IQ* iu termn of the ecnlt- 
amt f hr wood of titiio. Hint i* rt'|>ri’Noiiti‘il by tlit' 
te*n»i.-wirr> offered |«» ait ttm aryitig idee it io euiTent by n I'ohmui 
»»f tnrmiry at lie- temperature of molting too, ll’dMI 
gtammea in im>»m «•( a ron«t<atil t’l'tm wliotml nvm iili'l ol il 
length of fWtiM » i iiiloi* lio-i, 

3 The <usnptfi‘ l uhioh hita tll«> VhIIII* j’„ ill loltlin of till' 
orulllmtrr, | hr gramme, Hint till’ Hl'eolld of filin’, it tt*l which is 
i.j.rr*.iiinl l>y the mivHiving idrririr nuroiit which, when 
|< 4 'wms«| through a ttolttliott of llilrnto of nilvi't’ iu Wilier, hi 
aerordam r with thr> m«srilio4tio|i tij.jietidod hori’to, deposits 
Mivi* Hi thr i«tn *4 O OUlllK of » glumme JkT m ennui. 

3 Tin* mil, which Iww the value 10*. ilitenils of tin.. 

mntr*, tin* grariiino, ami the Minimi of time, being the 
»4w4ri«t.l jnwtwHtn* that, if rtwtily applied to a eoiithiclor 
wU**** is uua ohm, will produce a emm-ut of one 

Atttfwt*, md wtteh Is by 0*0874 ({HD of thu 



And whereas they have caused the .said new denominations 
of standards to he made and duly verified, 

Now tiikunporu, Her Majesty, hy virtue of the power 
vested in Her hy tlio said Act, hy and with the advice of Her 
Privy Council, is pleased to a](prove the several denominations 
of standards set forth in the schedule hereto as now denomina¬ 
tions of standards for electrical measurement. 


Mill ENTILE 

I. —STANDARD or’ EUEOTRIOAL JIKSTSTANOE 

A standard of electrical resistance denominated one ohm 
being the resistance between the copper terminals of the 
instrument marked “Hoard of Trade! Ohm Standard Verified 
3 894" to the passage of an unvarying electrical current when 
the coil of insulated wire forming part of the aforesaid instru¬ 
ment and connected to tlio aforesaid terminals is in all parts 
at a temperature of 15'4° C. 

II. —St AND AM) op Electrical Current 

A standard of electrical current denominated one ampere 
being thu current which is passing in and through tlio coils 
of wire forming part of the instrument marked “Board of 
Trade Ampere Standard Verified 1894” when on reversing 
the current in the fixed coils the change in the forces acting 
up*m the suspended coil in its sighted position is exactly 
balanced hy the force exerted by gravity in Westminster upon 
the iridio-plalininii weight mark oil A, and forming part of tlio 
said instrument. 


III. —Standard op Electrical Pressure 

A standard of electrical pressure denominated one volt 
being one hundredth part of the pressure which when applied 
between the terminals forming part of the instrument marked 
“Hoard of Trade Volt Standard Verified 1894” causes that 


See Appendix 0. 
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Official Rffotftoation foh tuf Piikiauatio-n of titr 
Ocaiuc Chi,Ij 


Definition of the. Cell 

The ooll consists of zinc or an amalgam of zinc ivith mer¬ 
cury and of mercury in a neutral saturated solution of zinc 
sulphate and mercurous sulphate in water, propaml with 
mercurous sulphato in oxoess. 

Preparation of the Materials 

1. The Mercury .—To secure purity it should ho first 
troatod with acid in the usual manner, and subsequently 
distilled in vacuo. 

2. The Zina .—Take a portion of a rod of pure rodistillod zino, 
solder to one end a piece of copper wire, clean tho whole with 
glass paper or a steel burnisher, carefully removing any looso 
pieces of tho zinc. Just before making up the eoll dip tho 
zino into dilute sulphuric aoid, wash with distilled water, and 
dry with a clean cloth or filter paper. 

3. The Mercurous Sulphate .—Take merourous sulphate, 
purchased as pure, mix with it a small quantity of pure mer¬ 
cury, and wash the whole thoroughly with cold distilled 
water by agitation in a bottle ; drain oil tho water, and repeat 
the process at least twice. After thu last washing, drain olf 

a much of the wator as possible. 

‘4. The Zinc Sulphate Solution .—Prepare a neutral satu¬ 
rated solution of pure (“pure recrystallizcd ”) zinc sulphate by 


KI.K*Ti;!« ITY ANI* M.\i;\|.Tls\l 


ituunK in a >1 m »irt mill in. u h t v, in* ip, wi'idil'. 
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ullS'lslS*’ '...U. 5 E" 3 « f. I u -I 1S1..11I.! I...I . V.-. . .! -Ill I’, M,. r . 

* UI..U-. .nip! «!• is. »*«•! .«« »l« "III..'.I III • • .In.tilil I..' mlilril in 

!!**' *- f *■ • ' l‘*» m >•> wI'if'hl ni' llic ;nni> 

>t»llj*li >s. >! \ :!«!'. f.« |1> ‘if! sit s» Hill II- >' , III.' "Mill’ I I ItMl i Itill^r, 
asrl SI*** '...InSs.'Ji ! 4. 1 . >1, v. hit»- .till u.uiii, llil.i .1 4<-t k luillli' 

* 'j) -i2s*'ni*l P-m. m <! * <»*!•>, 

,% T-\ • If.! - ?*- 1.1 s'u ‘f.u.j*.' sc >4 a-- Mix 

i 2.. lUhll.'i Ml.!. "I"il '.lllj-ll it V Mill* 1 Id .111.' -illl|l|l.lli' 

(n<n, .t*i<liitp • s< ?»! > i > .III. i»i in.- mi I] .1. tl< lii.ni | In. nt 

« Dvis'- ...4ni.4 n>n, .ui*l ■* mn ill it\ ut jiiin> nii'i'. 

I 111 <1 ,H3llh. IS.,. ' !*}• Will t.< 5 »*«l»l-| la* (..Mil ,1 lit ilf |1 U . 

1 .. 1«1 ,|.'!l' 1 U). If- !»S t 111' piSsf'-. lull ll*i| .ll.ilVf 11 . 1 1 -|)| 

|h f ,4<U« *<l .;l* *“ Kt’s-p. fill' ti.r .ill linin' 111 llijx 

!. inj« 1 list*.', tl ts*»m Itim* !•« finir, tin it iilluw i| |n 

r»«»i , . ..nlili«i> l«» iili'iir tl SB-r.s-'.lMlwl!) \s lull' it i i I'linlilij.;. 

1 ‘iy*lal* *<! niif 4 »uul>l llt«>n !»• ili«lini th \ isil 1 I 1 *, 

iiu 4 olioitM t«> ilt 4 rm»sl< «l lltritti^ltnut lIn* iiwm ; it Ilii-i is iml 
ill*. ra-v.' 4*l»l Ml*!*' « tt .14.1 a Itotll til*’ 4"<k Instill*, it U<1 l'l'jll' 11 , 1 , 
(hi’ n j.t'i*. >■ 

Till* IIH’I li««| 1 I Ilf f..l III t||nl| III' .1 ..lllll.lll'il Mllltliun 

i<l fill"' Hi' «' nloiSfl ntlplml** > ill )\ it> i , 

"/*«> *>'l «J* (h* V/H 

Tltf *'*’H lls«V n.linliu till) !«■ *>« l Up ill ;1 ilil.ll! Ii ’.t tilin' (if 

iltmill M rc|iliiM*'lira- > *li.uu* t' l. »ll>l l **1 f< ri'llthlirtl (li'i')i. 

('lari' I ]«r> iinnr iu > it* !S>«- tmU*»ni ul ihii I it f »**, lilting il lu n 

tli.jillt lit *|4V u < *lilsiintli’. fast <1 inlk .iIhiiiI U‘ ( 'i rilll illli't IV 
III irk 1*1 III ill*’ fill**’ ; »l «'ll«> »•*!«’ «il Hif I'l'lk I'i'li' H hull' 

llmwgli v.iitrli lSi*» mu- i *4 ** 4 ii Usilitiv ; ut tin* cther 
. - ? ‘»|«• |h>i«< *in«l|i«<r I«»r llu’ wins'* fiilir wlitrli cmt'lx lln' 

plat ItMim wile ; at tin- * <lg«’ i<f lilr r«i|k nit a 1 1 i * * I*. I lu'i'Uj.'ll 

w It it-}* |h" an r ui j«a * • w li«*n llw « "fk l'* pii'ln**! intutln* till"'. 
Wa»i» tli*' 1 'i'tk lhiifn!ij|hly wills »at 111 wain, Mini li'.nv il (u 

ill wat«‘t r**r n«h«m 4 l** , t«ii v ti f *i’. l'a'>i thf /iiu 1 rml 
•twill t ri'lilitiirlf«’ llirniigh lln-«*ak, 

i*i wilt) lilt* Hilts Ul V l«y HH'iUni l'f 4 pUtillUtU 

win* tiittiut Hi*. T4 ^atijji*. Thi» i» prnti'i t"l I'iniii <”*4tf.u-t 
with th*» «»Utt*-r wati'mln «»f fit® rrl! hy In'in^ Mc«lnl in I" u 
tube. Tk« *’lid*s of tli® wift> nrtih't'l fr«mi tin* t-mln >>f ilm 
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no end forms the terminal, the other end and a nurtl* • - 
flmss tube dip into the mercury. 

a tlie glass tnbe and platinum wire carefully, t b*. r„ 
e exposed end of the platinum red hot, and insert it : ■ 
.•cxxi'y in tlie test tube, taking eare that the whole i x 
osecl platinum is covered. 

:e xxp the paste and introduce it without contact wit" 
icr pi art of the walls of the test tube, filling the u t b.‘ 
tlie mercury to a depth of rather more than 1 cenxi- 


x insert tlie cork and zinc rod, passing the glass tus •• ■ 
h tire hole prepared for it. Push the cork gently dou n 
;s lower surface is nearly in contact with the liqui. i .* 
: will thus he nearly all expelled, and the cell shorn : 
ill tliis condition for at least 24 hours before sealing 
slioxxld be done as follows : 

t some marine glue until it is fluid enough to pour 1 -- 
t. weight, and pour it into the test-tube above the eerl.. 
stifUcient to cover completely the zinc and soldering, 
ass tube containing the platinum wire should project 
ray above the top of the marine glue. 

cell may be sealed in a more permanent manner 1 .y 
r -filie marine glue, when it is set, with a solution .1: 
l silicate, and'leaving it to harden. 

cell thus set up may he mounted in any desira-bb 
r. It is convenient to arrange the mounting so tlu*t 
tl" may be immersed in a water bath up to the level of, 
le xxpper surface of the cork. Its temperature can tlit-n 
Brra.in.ed more accurately than is possible when the cell 


sing the cell sudden variations of temperature should 
is possible be avoided. . , 

fox'in of the vessel containing the cell may tm varm.t 
H-forni, the zinc is replaced by an amalgam of 10 i«art- 
Lglxt of zinc to 90 of mercury. The other mate nab 
be prepared as already described. Contact is mad- 
he amalgam in one leg of the cell, and with the nwr- 
i tlxe other, by means of platinum wires sealed through 



PROBLEMS AND EXERCISES 


QUESTIONS ON CHAPTER I 

1. In what respects does an electrified body differ from a 
rum-electrified body ? 

2. Name some of the different methods of producing electri¬ 
fication. 

3. A body is charged so feebly that its electrification will 
not perceptibly move the leaves of a gold-leaf electroscope. 
Can you suggest any means of ascertaining whether the charge 
of the body is positive or negative ? 

4. How would you prove that the production of a positive 
charge is accompanied by the production of an equal negative 
charge. 

• 5. Describe an experiment to prove that moistened thread 
conducts electricity better than dry thread. 

6. Why do we regard the two electric charges produced 
simultaneously by rubbing two bodies together as being of 
opposite kinds ? 

7. Explain the action of the electropliorus. Can you sug¬ 
gest any means for accomplishing by a rotatory motion the 
operations of lifting up and down the cover of the instrument 
so as to obtain a continuous supply instead of an intermittent 
one ? 


8. Describe the state of the medium between two oppositely 
charged bodies, and state how you would determine the direc¬ 
tion of the lines of force at any point. 

9. Explain the Torsion Balance, and how it can he used to 
investigate the laws of the distribution of electricity. 
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10. Describe wliat takes place as an »h. .• . ; 

ball is made to approach a large cunau. iul • ‘ ,'r > 
diagram the direction and relative nuud ; ,, 

11 . Two small halls are charg.-d i-I. 

— 8 units of electricity. With what IV n « * 

another when placed at a distance of 4 r-ni-v r- •. 
another ? ‘ ' j , , 

12. If these two Ivalls are then male t<» t. .n. > < . 
and then put back in their former j-o-dn 

■will they act on each other ! 

Ans. They will repel one another v. i:‘ * <■ 

13. Enumerate the essential j.art« of -i\ n,*' 
and explain how they ojierate to j>ro*lu. -, t *- r. , ■ 

14. Take the diagrammatic rcprr^'tit** 
liurst machine (Pig. 40) and till in the 3 in*-* . > 
showing their direction and relative nuu-.L-r 

15. Explain the action of the Leyd*-n ; ?> i ; 

tion of electric displacement. 

16. Describe four different ways of ebctr.fy sr * a 
crystal. 

17. Zinc filings are sifted through a obv* 
wire upon an insulated zinc plate joined by a vrn 
scope. What will he observed 1 


18. Explain the principle of an «»>-<*•, 
why it is that the two oppositely chared [ hv 
signs of electrification when placed near 
drawn apart from one another. 


19. There are four Leyden jai* A B. < \ *»n«3 1' 
B, and D are of glass, C of guttapercha. ( A H. * - 
the same size, D being just twice a* tab a .mi 
as the others. A, C, and D are of lh* J 

material, but B is made of glass only h*.f ** fc 
Compare their capacities. # 

Ans. Take capacity of A » 1 ; tr»t r. h 
that of C will be | ; and that of I> wi;> ■ 


20. How would you show that a barv^b t %V 
half of copper is capable of producing e 

21. How would you prove that then *■» &■■■ »*■ 
within a closed conductor f 






I't.F* TltlflTY A XU MAUNKTIMM 


' ^ •’> I’f* * < •»* * ll»«- * h-ng" m| ,4 I.mly iVoiu usuapi; 

* • *) S»I it I -in t.S> r ' 

V ' tU«- uf !l4isiiU«m‘-» mill. 

'*5 I a -• ! .>> t.»!SU >!»nns*t <4 nit gliisa mIi'Iuh iii'ii plauod h 
iij ss. L ■ n! t *!s<- «.f lliiiui'i giadMallv c*!iargi*d liy a maohi 
un'.sl * ij-s-il va >«. -1 tin- two kill*. Htati' exactly wl! 

n< *1 sn ll*»- ••flu* r bia»-< hall amt Hi I hi* intervening air 
<*• II"- n...un-ul >>l tin appear*!!"" It| (!in ftjairk, 

. 1 >• Shi- i 5«. in-- «li n ut\ . A "barge of 21H units of 1 ol 

Ui'tlV » -V> jmj-al* •{ t>» A «•' lit 1 relit iuU’llVa I'lUliUH, \V1 

s-i sW <{■ n .*i) tin- t ♦ /«». 1 "iy noar 


»*rKSTloNS UN rilAlTKH 11 

i. X m I 'it-u i lift iii-.nlli'i* art' imug ilia Itmudi 
ihmutU ihnr i*y«, Itmi will they Ik’Iihvo when hv 

mrr tit‘- j•>»!«' <«t a slrt»i«g magnet ? 

' 4 . Kiplmu tin* of nit iron wuwtt in protootin 

%*h4U*mirlrt iiiwlh* from nwHuet* in It* vlolnity, and st 
why li t» not jM-rlW-tly "rtWtnal, 

! «»! W i..tt malt it li, .«»•! of uli.it shape, would you molt 
magm-t «lit* la S4 iifiiii'tl lo juT'ii-rvi' it* uiugnidiHiu nnalto 

for ii t> r\ long imt« f lit" prueew of tom poring. 

t What w mount l*y tin* roaiiluut magnetic foroo a 

{*mui i 

f.. Hit tmtgm Ii/I <1 sewing • neediest tiro thrust verticil 
through R|% hut" Hunt* nl'mrk, ami aro planed in a basin 
mill* their X {xittitilig jades upwards. How will t 
a fleet oil" a nut hot, and w lint will In* the ellerl of holding o 
limm Urn H jaunting jade of « magnet l 

it, What distinction do .you draw hwtwcuu magnets i 
tuagneliu mat lot f 

T. f»ti hoard an iron ship which la laying a mibmai 
telegraph raid" there is a galvanometer Used for touting 
mmO unity of the cable, It w necwuiitry to ho men tho magi 
itm\ *»f the galvanometer from hoing affrotod by 

m*pieli«m of the ahip. How can this bo duito 1 

S. H«w would you jirova two magnets to bo of oc] 

•twiagttt f 
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9. Thu force which a magnet-polo exerts upon another 
magnet-polo decreases an you increase Urn distance between 
them. Wbat is the exact Jaw el’ the magnetic I’orco, and how 
is it proved experimentally ? 

10. Describe the behaviour of Ewing’s model of molecular 
magnetism in a magnetic held, and show how it corresponds 
with the behaviour of iron wlien magnetized. Divide the 
process of magnetizing into throe successive stages, 

11. "What force does a magnet-pole, the strength of which 

is 9 units, exert upon a pole whoso strength is 10 units placed 
6 centimetres away ? Am. d dynes. 

12. How would you place a long magnet so that one of its 
poles deducts a compass while the other does not all’eot it ? 

10. Distinguish between the “strength" of a magnet and 
its “magnetic moment." 

Id. Describe an instrument lor comparing the relative 
values of magnetic Jbroos. How would you use it to eomparo 
the magnetic moments of two magnets 1 If their distances 
from the magnetometer are respectively 20 centimetres and 00 
centimetres, what is the ratio of their magnetic moments ? 

Am. 8:27. 

15. Two magnets have the same polo strength, hut one is 

twice as long as the other. The shorter is placed 20 centi¬ 
me Ires from a magnetometer (using the oud-on method); 
state at what distance the other must ho placed in order that 
there may ho no deJloxien. Am. 25198 centimetres. 

16. A pole of strength d.0 units nets with a force of 32 dynes 

uyon another polo 5 oontimotros away. "What is tho strongth 
oi that polo 1 Ans. 20 units. 

17. It is desired to compare the magnetic foreo at a point 
10 centimetres from the pole of a magnet with the magnetic 
force at 5 centimetres’ clistanoo. Describe four ways of doing 
this. 

18. Explain tho phenomenon of Consequent Poles. 

19. In what direction do tho lines of magnetic induction 
(or “lines of force ”) run in a piano in which tlioro is a single 
magnetic pole ? How would you arrange an experiment by 
which to tost your answer ? 

20. What is a Magnetic Shell t What is tho law ol' tho 
potential duo to a magnetic shell ? 


Ki.KrnatTrv and maunktihm 


11. »HUt»’ 4 gcit.-ral Dm. which will malde yn t |,i f'm,l 
W4j tw w 1st* h flu* **l patt. of a magnetic nyHti'iu Lend in 

in«n »•. 

U< !>« due.- Of !■»« •*! tin force mi a magneiie. pole dm. p, 
a current (lowing «h*ng 4 It.ii}' 'straight conductor. 

US. IWtlhe f«»UI w»s . of controlling the needle „[' a 

f*4U ASHHISflls'l. 

17. What i» iti« n«l i*> 4 " null method " of observation '! 

> l.H, Why i» tin* u| a tangent viuumu’lfi* made 

very short i 

IP, You are s»ii|.|»h*-.l with ntt ammeter ami a vol(tm>l«>r fur 
the pur|*o»e mI awrrtaiuMi# tin* current supplied In an electro, 
lytic 1.4th, ami tin* 8t»ll<tK«’ at which it 1 m supplied. Show how 
yun would join them isj*. 

20. Tin* current hum two (Jrovo‘« cella was passed Ihnmgli 
a »iu*' galvanometer l«* niwMiure its strength, Wlieu thoc.mi- 
ducting wires wrr« til' ttlout copper wire the coils lmd to 1m 
turned through 70” they stood parallel In tlm need hi, 

lint when Issttjf thin wire* were luted a* tumdindors the c.oilH 
only mjtiirwl to W turned through P”. (knit pare the strength 
nf th« current in tin* fir*»l caw* with that in the wound easn 
when flowing through the thin wires which tillered eoiwidcralilu 
riHUsUnoe, *ins, Current* are us 1 to A, ur an (1 to 1. 

«J1. A |date of mu- anti a {date of copper are respectively 
united hy oopjier wires t*» tin* two screws of a galvanometer. 
They were then wide hy wide into a gloss eonlaitiiiig 

dilute sulphuric acid. The galvanometer needle lit iindslnnvcd 
« deflexion of 2H*» hut five minute* later the deflexion had 
fallen to m How do you account for thin falling oin 

22, Clawdfy li.iuida according to their power of emiduuting 
id c« trinity, fn wliitdi vUm would melted pewter come i 

23, Name the an Iwt* flees produced at the anode and kalliode 
respectively during the elcotrolysis of tho following Hulmlanees; 
■ - Witter, diimte mtphune neid , mlphttU of capper (dissolved 
III water), hpdraehlarie, arid (atrong), iodide of potassium, (dis¬ 
solved in water), tskhridtf of tin (Awed). 

84. A current l* aunt through three electrolytic cells, Urn 
first etmUdning oufdulated water, tho second Hulplialo of 
tho third eontaiu* a solution of silver in cyanide of potassium. 
How mneh maws? will havt» bmn denwdtad in tho hoooiuI coll 
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wliilo 2’2(iH grammes of .silver ]utvu been do]>usi[,nd in l,bo third 
coll V Ami wind; wfumr of mixed gases will lmv(\ 1 hh\h given 
oil 1 at tlm same tium in 1,1m Ural; noil? 

jins. •llHfi(J grammes of cupper and 851‘-1 nubin centi¬ 
metres til’ mixed gases. 


25. A (inmml; pawns by platinum nlnnU'odos through llireo 
noils, tlm lirat containing a solution of bluo vitriol (cupric 
sulphate), tlm second containing a solution of groen vitriol 
(forrous nul|iliato), tlm third containing a solution of fovrio. 
nhlorido. Htato tlio amounts of tlm dill'erout HubsLaun.ns ovolvod 
at each olootrodo by tlm passage oflOOO coulombs of nlnotrioity. 


is. First. Or/l, 
Stvond Orll, 
Third dell, 


I Anodo ’082!) gramme of oxygon gas. 
\ Katlmdn *8281 gramme ofnop]inr. 

( Anodo ’082!) gramme of oxygon, 
i Katlmdn ’2002 gramme of iron. 

I Anodo ’8(178 gramme of ohloriuo. 

[ Katliodo ’1 S).‘!5 gramme of iron. 


2(5. Tlio (>nds of a noil of lino insulatnd wiro are oonnoctod 
with tlm torminals of a galvanometer. A stool bar-magnet is 
pushed s/ino/ji into tlm hollow of tlm noil and thou withdrawn 
suddenly. What antious will bo observed on the nnodlo of the 
galvanometer ? 

27. Round tlm outside of a dot)]) cyliudrionl jar aro coilod 
two separate piooos of lino sillc-oovorod wire, oaoh consisting of 
many turns. Tlm ends of one noil aro fastened to a battery, 
those of tlm other to a sensitive galvanometer. When an iron 
bar is linked into tlm jar a momentary oiirront is observed in 
tlm galvanometer noils, and when it is drawn out another 
momentary current, but in an opposite direction, is obsorvod. 
Explain those observations. 

28. A easement window has an iron franio. Tlm aspect is 
north, tlm hinges being on Llrn east side. What happens 
in the franio when the window is opened ? 

29. Explain tlm construction of tlm induction coil. "What 
are the particular uses of tlio condenser, the automatic break, 
and tlm iron wiro core ? 


80. It is desired to measure the strength of the field between 
the polos of an electromagnet whieli is oxoi-tod by a current 
from a constant source. Hew could you apply Faraday’s dis¬ 
covery of iudnetion-eurrents to this purpose? 

81. A small battery waH joined in circuit with a coil of fino 
wire and a galvanometer, in which tlio current was found to 
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plildtlca a steady hilt Mil.dl ill llt'siiut. An IIllliutj'dri nm 
Imr wa* now plunged into tin' hollow of tin- roil and thi'ii 
withdrawn. Tli«* galcanomot«r needle was observed In ramie 
uiouirutuiily from ii>, lir«t then In return uml in 

swing beyond il with « widei nrt> than before, and filially In 
settle dawii In it* ougiual .Ifll.-xi.iH. Kxplaiu these ueiuws, 
and state what was the source of ilu< energy that moved |.[ U! 
needle, 

lib A tangent galvanometer, whose "eunshitit " in nhw. 
lut** miit.4 was tl’OM, wa-> joined in I’it'i'uil wit ii a hattriy and 
an electrolytic full containing a solution nt‘ nil'I'll** current, 
wan kept mi I'm" «<ne hour ; llit* deflexion uliHcrved ut tIn* 
beginning was tut', fail it. 1**11 steadily duiilig I lie linin' la i'll", 
SupjHebng thf horizontal compound of Ilia taiilli's nmj^iu'tio 
force la ha 'it.'i, calculate tha amount of silver ilt>]itr*i!i-il in tlia 
rail dining tha hour, I ha absolute electro cliaiuiaal equivalent 
til' silver bring O'Ol hi i. , / HH, t/ntl/liiir, 

nil. A piece *if sdne, at tha lower i*ml of which a piece u(’ 
i'ojijmu* wira i* fixed, i* suspended in a glass jar eunluiniiig a 
solution of nratata of haul. After a few hours a deposit uf land 
in a curious treelike form (“ Arbor Hatnrni") grown down- 
warda from the copper wire. Kxplaiu thin, 

,11. Kxplaiu the conditions under wliiah alactrieity excites 
muscular emitraetion. Jlow aan tha converse |ihaiioniau(m of 
currents of alaetriaily produced hy ntUHiuihir aoiitmalimi ha 
shown 1 

15. A certain piece of appsimtiw him two terminal* on each 
side. To the»e a jmir of wires, A and H, are attached at ona 
side, and another jmir at and 1). Kxuiniuutioii with a 
volttuater shows that the potential of A is higher llinu that of 
H, ami that of C higher than that of 1). Vat examination 
with an ampere-meter allow* that a currant i* flowing I'mm 
II to A through tha apparatus, and another currant Irani (! (a 
I) through the othar part of the apparatus, Hy which circuit 
is the energy cunning in, and hy which is it going out ‘ 

1(1. Show that if N magnetic liua* arc withdrawn fnmi a 
circuit of resistance It, Ilia ipiantity of electricity thereby 
transferred arouml the circuit (Ac. the time integral of Urn 
induced current) will he l) N/R. (Hen Art. 2‘2fi.) 

17. The strength of tin 1 Hold between the jioles of a large 
electromagnet was determined hy the following means: . A 
small circular coil, consisting of 40 turns of line Insulated wire, 
mounted on a handle, wa* omintKitiKl to the terminal* of a 
long-coil galvowmuttar having a heavy noodle. On inverting 
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this coil suddenly, at a place whore the total intensity of the 
earth's) magnetic force was ‘48 unit, a doilexion of G u was 
shown aB tlio first swing of the galvanometer noodle. The 
sensitivonosH of the galvanometer was then reduced to by 
means) of a shunt. Tho little coil was introduced between tho 
poles of tho electromagnet and suddenly inverted, when tho 
iirst swing of the galvanometer needle reached 40°. What 
was tko strength of tho hold botwoen tho polos ? 

Ans. 315 ’7 units. 

QUESTIONS ON CHAPTER IY 

1. Pofmo. the unit of electricity as derived in absolute 
terms from the fundamental units of length, mass, and time. 

2. At what distance must a small sphere charged with 28 

units of electricity bo placed from a second sphere charged 
with fi(i units in order to repel the latter with a force of 82 
dynes ? Ans. 7 centimetres. 

3. Snpposo tho distance from the earth to the moon to he 
(in round numbers) 383 x 10 8 oontimotros ; and that the radius 
of tho earth is G3xl0 7 centimetres, and that of the moon 
15xl0 7 oontimotros; and that both moon and earth are 
charged until tho surface density on each of them is of tho 
avei’ago value of 10 units per square centimetre. Calculate 
the electrostatic repulsion between tho moon and the earth. 

4. A small sphere is electrified with 24 units of + electricity. 
Calculate tho force with which it repels a unit of + electricity 
at distances of 1, 2, 3, 4, 5, G, 8, and 10 contimetros respect¬ 
ively. Then plot out the “curve of force ” to scale ; measuring 
tho respective distances along a lino from loft to right as so 
many oontimotros from a fixed point as origin; then setting 
out as vertical ordinates tho amounts you have calculated for 
tho corresponding forces ; lastly, connecting by a curved line 
tho system of points thus found. 

5. Dofinc olectrostatio (or eleotrie) “ potential ” ; and calcu¬ 
late (by tho rule given in italics in Art. 2G3) the potential at 
a point A, which is at one corner of a square of 8 centimetres’ 
side, when at the other throe corners B, C, D, taken in order, 
charges of + 16, -I- 34, and -1- 24 units are respectively placed. 

Ans. 8 (very neai-ly). 

G. A small sphere is electrified with 24 units of + elec¬ 
tricity. Calculate the potential due to this charge at points 
1, 2, 4, 5, G, 8, and 10 centimetres’ distance respectively. 
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Th» n <*n! Ih.- fohnltitf " tit w.ilo, us deuerihed 

tu *,*«• 1, 

7. A '.Htill t<- • It 1 I with tno units «<(’ olcelvieity in 

.Ufj-d m!» .# * 5 >'ti l« IV titK' it *Ui-lm-trii< ea|iaoity 2, find 

t!*« tt * \*-»l Mil 1 mni i htiigi’ h fi'ulimi'lrc.s away. 

Ann, 2 iljinnt, 

**. 1‘ntiU^tti Ai h* bti«it I In' nil f.uv density at a |miut, uitd 
the Ilf ! li it til'll l***«tl! 1*1 Ui'lglthilUt'iltg I'hlU'gi'H, 

Wli.il at< r.|mi»<t« h(iaI ’!iitfares l Why in (In* uiiyfaoe 
<<f .in sii'iuhit* -I * oii>liu tm silt fijiui'iiti'iitiitl HtirlitiM' / In i|. 
al wav ■* <*>* 1 

Ill, .Show ! hat 1 hr rapacity >«f nil isolated upbore in nir of 
uditi* t- lin-i n * i|*.i* ity t>*|»s«sl lo f mnt m. Wlull in llie oloe.lru- 
oUtu- unit ol rapacity ? 

11, Wh\ U llu* potent iat uf lho earth duo to olmvgoK Unit 
wo |<t*«liii'i* practically riptid t»» join ! 

I a. A njih<ri’ whoso null us in 14 rojilimotros in charged 
until the Mi»r«.*« ih’ii 'ity h«» a value of 10, What tfiunititji of 
electricity i» mptim! fur lids J Am. ’24,040 unita (nearly). 

10. In the alwe mitwtMi what will ho the pAntlM at llm 
wsrhwe nrtlio sphere ? (Hw* An. *201 *.) Ann. 1700 (very iteuvly). 

14, In lho on**o of ngur-ation Vi, w 1ml will ho 1 ho rh'ttrhfom. 

»l a |w»m? outside tin* a|»li«’io a ml imtoliuitoly uour to itu huv- 
hum < iAn. '27«’. 1 Am, 12f>*7 (vory nearly). 

15, Hitwwrsp a sphere whiw radius i« 10 oonllniotreH to ho 
charged with imi unit* uf electricity, amt Unit it m I hen 
canned t<> share it* charge with a nutt'idcc trifled Hjihofo wliime 
trtiiSin in If* oi'iitiiimtion, what will the reajmetivo ohamoH and 
niufaconlctmition nil the two *phereu ho wlioli HCpiiruled 1 

Aits, Small upbore, if *20 in’ll, s~2 : 

Ifjtrgo upbore, i/ -U77U* l, I’M. 

in. A charge of t H unit* is oidlortoil at a {mint 20 couth 
metres distant from the ootitre uf a motallio Mphoro wlumo 
railmn to 10 centimetre*. It bidneo» a negative olootrilloatinii 
at the noaroat *idr of the aphere, Kim! a point amide tho 
upbore mtoit that it 4 negative units worn tiliwoil there they 
would exercise a jHitoutial on all external |mlut« exactly i'ipial 
tit that of tho actual hogatno olw’trlflonthm. (Hoc Art. 27f>.) 

Am, Tho |«»int tuunt In* oil llm lino hotwoou the out- 
aiilo jnwliivo ohargo amt tlm ooittro uf the Kjdiero 
tuul at 6 tVttiu the aurfacu. 
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17. Two large parallel metal plates are charged both 
positively 1ml. um>i|ually, Mu' density at the surfaco of A 
being I li, al. I,ha surface of 15 being -I-H. They arc placed 
2 centimetres apart. Kind I,In* force with which a I-mill, ol' 
olee.l,rieiLy in urjjjt'd IVom A towards B. Kind also Min work 
done by a -|- unit, of electricity in passing IVom A to B. 

Jim. Kleel.rie rornc IVom A towards B;~ 18*85 tlynr.s; 
•work done by nuil, in passing IVom A In B B7*f» 
rryn. 

18. What is meant by Mu' tliincnnitma of a physical 
quantity? Dednoe IVom I,lie Law ol' Inverse (Squares the 
dimensions of electricity; and allow by this means that 
eleel.ric.il.y in not a ij nan Lily of 1,1m same physical dimenHioiiH 
as eiUmr nuttier, rurryit , or fimr. 

ID. Explain the runsIrtud,inn and principles of action of 
the i[tiadranl, clcc.fronndcr. How could Ibis inslrument be 
made ho!I- recording ? 

20. Describe the construction of an olectroslntic voltmctcir, 
ami state some of the advantages that this instrument 
possesses, 

21. One of the two coatings of a condenser is put to earth, 

to the other coating a cliargo at MOO units is imparted, It is 
found that the dilfcrence of potential thereby produced 
between the coatings is 15 (oleotrostatio) units, WJiat was 
the capacity of the condenser 1 Ann. 800, 

22. What is the meaning of specific, inductive capacity? 
Why does hot glass appear to have a higher specific inductive 
capacity than cold glass ? 

28. Describe a method of mapping out tlm linos of force in 
an electrostatic Hold. 

24. Two condensers of capacity 4 and 0 respectively are 

placed in ptu’allol; and in scries with them is placed another 
condenser having a capacity of 5 microfarads. Kind the 
capacity of the whole combination. Am. 8*3. 

25. Oompare the phenomenon of tho residual charge in a 
Leyden jar with the phenomenon of'polarisation in an electro¬ 
lytic cell. 

20. A condenser was made of two flat square metal plates, 
tlm side of each of them being 85 centimetres. A sheet of 
iudiaritbber ’4 eenlim. thick was placed between them as a 



nil-. 'I’ll'' » *<*»* Uflu*!iv«• ui' iuiliuniblK'i 

Wing taken a-. '.*• eah-ulate til.- cajnioity of l In* rmuli>nm*i\ 

,htx. hlS'H rlnirwttatk units, 

*21. tbih-nl i|f in *’l" U'-tatK' unit A Urn fii|nu*ity (if a mild 
of tohgiajih cable, the >•»•!.> homg a r win* of ‘IH ccntim, 

thnuift* ! , l*v <t nlttMihiug ot gnUitjtoivhu. *IU ('I'nliin, 

ihirk, |X I..j gutt »i<« i.-ha -1 HI ; uiii’ mil.* • 1(10,0.1.’: 

ccutim**. | Jns. HU,itl't units , 

•»!H, A I,i v>li ii jai m hi ‘*1* to ’ihiUi’ if i olmrgi* willi two otlmi 
jit!-*, >.i m iiirii !'= «-jH'il to it m iMjmritv. fimijiiwt Liu 

ml tli«’ rluHge in mu.' j,u' with t he omigy I.rth.. nrigina 
(•lunge, -lu-u Out' uinlluw great 

V‘J, A uf l.« v*l* it jai < «<f *" j tin I 1 ‘iiji.u'ify an* uluirgei 

" iu " t 'inujwu I In* ti*Ul on ii)U ul I he charge of tin 

ituih tiltuil |>u•* l!m*» rlnngi 4, with Hint uf a einglo jur (’lmrget 

fjutu (hr ml in i' Mill I* « . 

:in, CUxnify Urn \ aiiimn im»loa of i lint-hinge, tuul white ill 

rnmtiti»ii* ttutlii w liu li tin’)' ot i ni. 

l \\, HutilMtm' n rfU<h’tv*rt\ win we mjwity in 10,000 eluirgw 
to jHtlt'iili<il M, to !•** |«rfinlly iliwImrutHl wr that the |mliuitln 
foil to U. ('alruiate the amount of boat jtroiluml l»y tli 
iliwltargf. on ll«* anjij«wjiti«»ii that all tlu* energy uf tin* witnr' 
in rxim ilol iisfo beat, 4 «». uv!0:tf»7 ttf n unit of litial 

:tu U»w till ihango* "I* l«r‘" if *ur»’ ailed tho [wmiisgo of olootri 
ajwirk* ihtoiigh an ’ 

;t:j, Tv«crihe of f la* jirojn rtioa of matter hi IU nitre 
gaacmtn **r rutiinnt alale. 

:i|, Why arc telegraphic through a Huhmorgod oalil 

retarded in liamuiii-euoH, and how ran thin retardation 1 
obviated ' 

!J, p i, llitiv i*t tho iliift loiioo of jHitoutlrtl between the eart 
ami till’ air ulnu' It mcaaiucd ? ami w hat light tin mil! 
im<a»un"Uii’!it'< throw <<n tho periodic \aiiatioiin iu Urn elet'fr 
cal dale «<t the atnio»j>h« io * 

lift. What explanation < >m 1«’ given of llu* jihoimumiion of 
Uiu»der«torni * 

Il7, What an* llm otwoiitial f< aturot which a lightniug’OOi 

iluctor imi*t |H«aoiw tw'fofo 11 can !<o |»iomnmooii nalml'autor) 
Am! what aro the for nuinttng on th»'»p jaiiutsi! 

38. Huw van the duration «f an cUctric »i»atk lw muiwurwl 


PROBLEMS AND EXERCISES 


587 


QUESTIONS ON CHAPTER V 

1 . Define magnetic potential, and find the (magnetic) 
potential due to a bar-magnet 10 centimetres long, and of 
strength 80, at a point lying in a line with the magnet poles 
and 6 centimetres distant from its N-seeldng end. Ans. S'3. 

2. A N-se eking pole and a S-seeking pole, wliG.se strengths 
are respectively+120 and-60, are in a plane at a distance ef 
6 centimetres apart. Find the point between them where the 
potential is = 0 ; and through this point draw the curve of 
zero potential in the plane. 

3. Dofine “intensity of the magnetic field.” A magnet 

whose strength is 270 _ is placed in a uniform magnetic field 
whose intensity is '166. What are the forces which act upon 
its poles ? Ans. +45 dynes and - 45 dynes. 

4. Define “intensity of magnetization.” A rectangular 

bar-magnet, whose length was 9 centimetres, was magnetized 
until the strength of its poles was 164. It was 2 centimetres 
broad and '5 centimetre thick. Supposing it to be uniformly 
magnetized throughout its length, what is the intensity of 
the magnetization ? Ans. 164. 

5. A certain electric motor has 100 conductors on its arma¬ 
ture, each carrying 10 amperes. The number of lines of force 
passing through the armature is 500,000. Find the work (in 
ergs) done in one revolution of the armature. 

As eaoh conductor cuts the lines twice in one revolution 
the answer will be 100,000,000 ergs. 

6. Find the torque (see Art. 136) on the armature described 
in the last question. Note that with the above data the 
torque is independent of the radius of the armature, for the 
force on each conductor is proportional to the strength of the 
field, and this is inversely proportional to the radius if N 

,, , 100 , 000,000 , , 

remains the same. Ans. - - - dyne-centimetres. 

7. A current whose strength in “absolute” electromagnetic 

units was equal to 0'05 traversed a wire ring of 2 centimetres’ 
radius. What was the strength of field at the centre of the 
ring ? What was the potential at a point P opposite the 
middle of the ring and 4 centimetres distant from the circum¬ 
ference of the ring. Ans. /= '1571 ; V = ±0'0421. 



8. («) A spiral of wire of 1000 turns ramies a i-unvul, of 1 
impure. Kind tlm total m.igimtumutive fume whieh it |.\,.r|s. 

Jus. It!h7, 

(/») If tin' Hjiiml wi re 1 metre in length ami 1 «*rutin 
luuurter, liu*l tlm lorn’ on a unit pole nlaeed (l) in it m emit re; 
[2) al it* end. Jm. \2‘t>7 r/j/«r'.s and ii'2H iti/iu's, 

D, What limiU Aft' tlmm to the power of uti cli'ctronui^nfL ? 

10. What U tlm advantage in lining an iron rum in an 
•leetro-tnagimt t 

11. A rml of hi* ft !rmt. 0'T.i em, In diameter am] 1 metre 

lung, Im uniformly o\rewound limn end tu end with an in- 
■minted copper wire making (137 turns in mm layer, Kind 
[tmittg lliihvi’ll'n ilata in At t. 3tlfi) whut Hlmtiglh o|’ pules this 
cult will iM’ijiiim wliun a mumul of ft amperes is sent through 
lilt’ foil. Jus, ilH’i) unit a, 

12, Kinmriate Maxwell 1 * ntlr runeerning magimtie sheila, 
uni from it deduce the law* ul parallel ami ohliipm ninvuls 
iliHinivrml by AuijH-m. 

13, A circular copper dhdi i« joined to Urn idue j»u]i> nf a 
itmall Imttery. Acidulated water in tlum poured thin tlm 
UmIi, ami a wire from tin* mirlam jnth’ of tlm battery dips into 
the* litjuid at tin* miihlh'. A few wrap* of eurk am thrown 
in to ivinliT any movement uf the lupinl visible, Wlmt will 
iiiumr when tlm Nmerking jmle of n strung bar magimt is held 
ibove tlm iUmIi t 

H. Ho^i't hung Up a npiral «f eop{H>r wire mi that tlm lower 
end just dtjijMsl into a eujp of mercury. Wlmn a strong enrmnt 
wan Hunt through tlm spiral it started a runtimmiiH dnuee, tlm 
lower end producing bright spark** a* it dipped in and nut uf 
the mercury. Explain tfd» esp-rinmiit, 

15, It in believed, though it ha* nut yet been pruved, Ilml 
worn* iM more strongly uiagnetie than oxygen. lh>\v emild 
Lhin he put to proof ? 

1(5, Wlmt in meant by th«' {mriimahility uf a Kiilwtiume 1 
8tale Home substance* ill which it i* constant, and mime in 
which it varies, 

17. Denerihe a tnethtwS of measuring Urn jmrineahility nf 
iron. 

18. A ring of iron t* wound with two coda, One mil in 
xmnGGtod to a ballistic galvanometer. and <m eomme.ting Urn 
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other to a 1 laUory a. throw of the needle of 160 scale divisions 
is observed. The current is then broken and there is a throw 
of 40 divisions in the opposite direction. Why are the two 
throws not equal ? What change has taken place in the iron ? 
How would you bring it back to its original condition ? 

19 . Sketch a closed hysteresis curve for hard steel, for 
which, when H is raised to 100, B = 12,800, and for which the 
rexnanonce is 9500 and the coercive force 40. 


20. An iron bar 30 centimetres long and 10 square centi¬ 
metres in sectional area is bent into the shape of a horse-shoe 
for the purpose of making an electromagnet which shall have 
a pull of 66 kilograms upon its armature (a bar 12 centimetres 
long and 10 square centimetres in section) when it is J inch 
away from its poles. Find the number of ampere turns 
required, assuming a leakage of one-third of the lines of force. 

Talcing the formula :— 

r- x 20 sq. cms. of polo face = 66,000 x 981 dynes, 


wo got 13 = 9000. From the table, Art 364, /q for the armature 
= 2250, B for the horse-shoe=T5 x 9000 = 13,500, so that 
02 = 900 , then ampere-turns= 

.I 12 1-5 x30 2x0-5x2-54 ) 

° 0 ’ 000 1^250 + 10 ^900 +- 10 -} ^ 26? - 18 ' 930 - 


21. What thickness of copper wire must be used to wind 
the above magnet in order to obtain 18,930 ampere-turns, the 
winding on each cylindrical bobbin having a mean diameter 
of 7 centimetres, if the pressure at the terminals of the magnet 
is intended to be 100 volts. 

If r is the resistance of one turn, and s the number of turns, 

r =i=i5& ! 


Hence diameter of wire, 




cms. 

NT.B.— 1 The thicknoss of wire is independent of the number 
of turns (except in so far as this affects the mean diameter of 
the bobbin), but the greater the number of turns the less will 
be the number of watts expended. 

22. What is the object of “polarizing” the armature of a 
magnet in a piece of mechanism, such as a relay ? 

23. Describe the construction of a current-balance, and the 
mode of using it. 
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9. The specific resistance of guttapercha .hying 3'5 x 10' J ', 

calculate the number of coulombs of electricity that would 
leak in ono century through a Hhoot of guttapercha one ceuli- 
metre thick and one metre .square, whoso faces were covered 
with tinfoil and joined respectively to the poles of a battery 
of 100 Danioll’s colls. Ans. 9 '7 coulomb. 

10. Six Daniell’s cells, for each of which 10™ 1 -OfLw/Ys, r 

0'5 ohm, arc joined in series. Three wire.s, X, V, ami Z, 
whoso resistances are severally 0, 00, and 300 olutiH, can he 
inserted between the poles of the battery. Determine the 
current which flows when aaoh wire is inserted separately ; 
also determine that which flows when they are all inserted 
at once in parallol. Ans. Through X l’Ofi amperes. 

Through Y 0TSI09 

Through / 0*0‘2()7 

Through all three 1-105 ,, 

11. Calculate tho number of colls required to produce a 

current of 60 milli-amperes , through a line 114 miles long, 
whose resistance is 12£ ohms por mile, the available culls of 
the battery having each an internal resistance of 1-5 ohm , 
and an E.M.F. of 1'5 volt. Ans. 50 colls. 

12. You have 20 largo Leelanoh/) chi Is (E.M.F.—1'fi volt, 
r — Q'5 ohm each) in a circuit in which tho external resistance 
is 10 ohms. Find the strength of current wldoli flows (a) 
when tho cells are joined in simple scries ; (b) all tho zincs 
arc united, and all the carbons united, in parallol are ; (c) 
when the cells are arranged two abreast (i. e, in two files of 
ton cells each); (cl) when the cells are arranged, four abroast, 

Ans. (a) 1’6 ; (6) 0-1496 ; (c) 1-2 ; (d) 0‘702 ampere. 

13. "With the same battery how would, you arrange the 
cells in order to telegraph through a lino 100 miles long, 
reckoning the line resistance as 12| ohms por milo ? 

14. Show that, if we have a battery of n givon colls each of 
resistance r in a circuit where tho oxtornal resistance is R, tlio 
strength of the current will bo a maximum when tho colls are 
co upled up in a certain number of rows equal numerically to 
VW-r-R. 


15. Two wires, whose separate resistances are 28 and 24, 
are placed, in parallel in a circuit so that tho current divides, 
part passing through one, part through the otlior. What 
•esistauce do they oiler thus to tho current 'l 

Ans. 12-92 ohms. 
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Danicll’s colls. The cable was then discharged through, a 
long-coil galvanomotor with a noodle of .slow swing. The 
first swing was 40°. A condenser whoso capacity was i micro¬ 
farad was then similarly charged and discharged ; but this 
time the first swing of the noodle w/is only 14“. What was 
the capacity of tlio picco of cable ? Ans. 0*934 microfarad. 

25. Using an absolute electromotor, Lord Kelvin found 

the difference of potential between the poles of a Danioll’s 
cell to be 0‘00374 electrostatic units (C.G.S. system). The 
ratio of the electrostatic to the electromagnetic unit of poten¬ 
tial is given in Art. 359, being ~ljv. The volt is defined as 
10 8 electromagnetic units, From those data calculate tlio 
E.M.F. of a Danioll’s eell in wits. Ans. 1*115 volt. 

26. The radius of the earth is approximately 63 x 10 7 centi¬ 
metres. The ratio of the electrostatic to the electromagnetic 
unit of capacity is given in Art. 359. The definition of the 
farad is given in Art. 354. Calculate the capacity of the 
earth (regarded as a sphere) in microfarads. 

Ans. 700 microfarads (nearly). 

27. The electromotivo-force of a Darnell's coll was deter¬ 
mined by the following process :—Five newly-prepared cells 
were set up in series with a tangent galvanometer, whose 
constants were found by measurement. The resistances of the 
circuit were also measured, and found to be in total 16‘9 ohms. 
Knowing the resistance and the absolute strength of current, 
the E.M.F. could be calculated. The deflexion obtained was 
45°, the number of turns of wire in the coil 10, the average 
radius of the coils 11 centimetres, and the value of the hori¬ 
zontal component of the earth’s magnetism at tho place was 
0‘18 G.C.S. units. Deduce the E.M.F. of a Daniell’s cell. 

Ans. 1-0647 x 10 s G.C.S. units, or 1*0647 volt. 

28. Apply the formula of the ballistic galvanometer (Art. 
418, i) to determine the number of magnetic lines cut by an 
exploring coil (Art. 366, b) when the magnetism in the core 
on which it is wound is suddenly reversed. If R is the resist¬ 
ance of the circuit, Q = 2N/R. Hence the answer is 11= 
RT sin ia/27rS, where S is the number of tons in the 
exploring eoil. 

29. Suppose a copper disk to revolve in a field produced by 
a fixed eoil closely surrounding its circumference. In circuit 
with the eoil is a small battery and a resistance wire. In the 
wire are found two points such that the fall of potential 
between thorn is equal to the volts generated between the 
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i*futr«* and r>i* 'nuf< nj (In' ii'Viih ing disk. ISy lialiuuiiug 
with n gr wiu iililo In oulmilulo j u 

nh*‘"tuti* unitin' tv >t .taiu'i' ul’ tlm win*. If M 1m tliti 
cnrlliririit nl mutual itiiliuitott hi'twi'i'it tlu> oin'iiiuloronuu of 
tin’ 4t *k an4 l In' »inttuttttilittg 1 'nil, mid '1’ tin' jH'fiin 1 oT ri'volu- 
tum «'l dir <h>4k, iiSiuw dial It the t'l'MtNliutui' lictwt'tm tlm 

jmlittn M ' T. 

Jus, Siiii-ii' N thi' mugtmdo (Ill's through tho dinkMO. 
ami K N/T. and (' K/U, it 1'uiluwH dull; (IR- 
M< ‘X whrlnv H M/T. y.}«,!). 


WK>iTI<»NS ON f’HAI'THR VII 

1. A 'itmug hattriy ourront in m>nt, for a fow moments, 
through a hat mudu of a pit'i'i' of tuilituotiy Holilored In a [licoo 
n| hi’ititMth. Till* h.llti’ty »'< till'll 1 1im'ulUH't*{.i'i| IVnlU till! wil'UH 
iitul dir) an* jiuttiil to a galvanomotor wliicli shows u tin. 
fli'Slwtt, K\|*Saiti thin jiluummi'Uuii. 

2, A long »lriji of wim in oimnoototl to a galvanometer by 

iron wirr*. dim juurtioii |« kept in ini', tho other is idunguu 
into wnti’t of <i trm|M’mtur«' of f»0" < *. diileututo, from tlm tiuilo; 
givm iii Art. 122, tin' 1 ’liH'trmiioli vi'.fori'o which is prod using 
din ( tun nt. An*. (UK) mu'nmlts.: 

8, Witi'ii bi'sil in I'VoU i’ll nt n jmu'tinii of two metals by tho 
ns-magr of a i iitti lit, bmv would you distinguish between tlm 
linnt linn to rr»i»taiu!u Attd tho bout duo to tlm Peltier olfuot. 

4. Wd Ki-hiti di«mverinl that when a current flows 
through trod u alworb* boat whi'U it down bum a hot point 
to « t u!4 {mini; but limit wboit a mirrent in (lowing through 
tnijijM’f it abnorbu brat when it llnwn from a ould point to n hull 
jMiiut, Kroiu thi'5.r two farts, and from tho gonoral law tlmti 
tmurgy t«u4«i to nut 4»wu to a minimum, doditoo whloh w'ay « 
tmm<i4 will flow* round a rirouit mado of two half-rlngH of iron 
and rojijH-r, uni* juiirUoit of wliieh in hoatod in hot water and 
tho other roi4*’4 in iro. 

f», dive a curve allowing tho inerenso and deorean« of tin) 
diormo I'bi trouioUvo fmce an a juuotimi of inm and copper in 
rained from fr <\ to -ton" amt explain it hy moans of tho 
llmmitmlootrio diagram of Professor Tail. 
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QUESTION'S ON CHAPTER VIII 

Calculate by Joule’s law the number of calories developed 
■vivo wlioso resistance is 4 ohms when a steady current ol 
•mipox-e i s passed through it for ton minutes. 

Am. 11 -2 calorics. 

Why docs tlie platinum wire in a CJavdow voltmeter, 
a steady voltage is applied to it, rise to a cortain teni- 
uro and then remain at that temperature without 
«tion ? 

Show from the definitions of the horse-power and of the 
and from tlio relations between the pound and the 
tuo, tlie loot and tlio oontimotro, that there are 746 watts 
o liox-Ho-powor. 

Explain wliy you would expect the heat produced in a 
lotov to bo proportional to tlio sijuaro of the current. 

Uescribe the construction of a watt motor and explain 
/ou would connect it up to measure the power supplied 
electric motor. 

Explain why it is advantageous to distribute eloctrio 
y at a high voltage. There is already laid a copper main 
ig a resistance of 0-5 of an ohm along which it is desired 
nsroit 4 kilowatts, and to deliver it at the far end at a 
ire of 100 volts. Which would be tho moro efficient 
xl of tho two following, to send 40 amps, at an initial 
•ire of 120 volts, or to send a ourrent at a pressure of 2400 
using a transformer with an efficiency of 85 per cent ? 
udns. The latter method would have an efficiency of 84 *9 
per cent, the former of 83 - 3 per cent. 

Mention some of tho principles upon which supply motors 
been designed. 

An electric motor is supplied at a pressure of 100 volts : 
rmature resistance is 0'01 olnn. When it is supplying 
use-power, what is its electrical efficiency ? 

A%s. 98-5 per cent. 

Show under wliat circumstances an electric motor is most 

nt. 

Enumerate the principal parts of an are lamp. 


I',? \K h% sIsm liUnn’iil of an iiu'uuli H'l-nf Uih|i gr|, 

13j4Sj ! hr h-nliug Ui u itr < f 

U, II ■* |-r. «m h* a •hagi-nu the i) »{< in »*f thi* c wiu’ili'.lrUm- 
In-n , aifi 1-,-Uit >ml sl .5 toll al't-igf mil u tun \U|c iliMlililllioll. 

11 i nrro-ut ..f >.» rtHsjM-rr'i H»ikn| nu clri-tt if aiv light, ami 
nil «)»■-.#,t!«« .lilt. !f in *• ><l }«•{> Slfl.lt In lull’ll till' t Wtl ('Itr- 
h% .in i jii. i it «*•> liMiutl t«> hf III! \ulti, NVhat, 

tin- mtnnm! »4 j*>n» r altinrlu'4 in tin > 1 mi|< 1 


i»N ritAftKlI l\ 

3 Tl*« »«-hu-Uiu‘«- «.f tin’ r«.r<’ uf a certain 1 1 lUiitcirnti’t* in 
cj ikj’J, fitmi liit- nM’liicii’ht «<f mutiui ituhniinii tu-twi-i’ti llm 
j.rhunry mui M-vutnUty cutl* which Inn «> UtOtl mnl hO In ms 
r-rujini’tH civ, n«» Magnetic leakage, 

hniri/, 

■j t.ntt^ry current f» *>e»t through the juiumry uf l.his 
ir*tnf..ritM-r. *»lat. ifni tntu'* law the tlim’linn (relatively 
t« tSsw rMWKtli «*S til*’ K nnlwrwl In h"th tin- (nimtiry 

awj arftiinhr), j<n «In n lli«< cm rent alaiting. (hi "In’ll 4 i« 

pruning, 

3 Fum-anll *»l tin* heavy hmit*e wheel of his g) msm)]ii> 
4tiuiui! the t«4r* «»f m t«>wetful .•lirtmnmgiicl, uml 

r„,ui<i Itsal tlie wheel Mf«’W hut, What was the cause <>i tins I 
Where «!i4 th*- heat »’«*>»«* from f 

t A*,m tty t« turn a cuppr 4mk Mween the ]«ilf* "f a 
tm Ittmi. It y««»» it ah.wly it «.**• «i l ii*v .-nHily, il'ymi try 
|M fiiinri’ it »|ui«*kly It reaiata. W hy 1* thin t Vi hut i« Um 
lm*p tnjum-4 t*« twin it |H«|«*rUutial t<* l 

a The fthunt «4I of a certain «lynum«i has n munlum-e of 
4*1 It t# nwitel.ni <m ?« # Wt«-ry «fjuvumiilittur* yifl'l* 

tot) «»«4 «*»w #w»ni«l flH«'rwttnt« tin* rnn-ftil liiw riwti 

uf u,. »ti. *-•»••• i"« «■«■' "'ll, 1 "'* 

if a Wlteff uf W eniu wit of t‘4 vull ami 2 olims' 
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resistance be applied to a circuit which has a resistance of 5 
olnus and inductance 0'1 henry, lind wluit niodos of grouping 
the colls are best, (re) to give tho largest steady current, (6) to 
give the largest current at tho end of second, (c) to give 
the largest amount of oxtornal work relatively to the weight 
of zinc consumed. 

Ans. (re) 5 in series, 2 rows in parallel, (6) All in sories. 
(c) All in parallel. 


QUESTIONS ON CHAPTER X 


1. What dovieos are employed in continuous current dy¬ 
namos to obtain (re) a ourront continuously in one direction, 
(6) a current of uniform strength ? 

2. Apply Fleming’s Rule (Art. 22C) to determine which 
way the electromotive-forces will operate in a ring armature 
(gramme) wound right-handedly over tho core revolving right- 
handedly in a horizontal magnetic field having tho N-pole 
on tho right hand. 

Ans. The induced E.M.F.’s tend to make the currents 
climb, in both the ascending and descending halves, 
toward tho highest point of the ring. 

3. A dynamo’s field magnet gives a flux of 9,000,000 lines. 

How many conductors must there be on the armature in order 
that tho dynamo may generate 108 volts when driven at a 
speed of 600 revolutions per minute ? Ans. 120. 

4. You have an engine which will drive a dynamo at a 
fairly constant spoed at all loads. How would you excite the 
dynamo if it were intended for lighting by incandescent lamps ? 
Make a diagrammatic sketch of all neoessary connections, in¬ 
cluding the lamp circuit. 

5. Take the equation E = re sin Let re = 140 and 

71 = 100. Now take different values for t, beginning t — ' 0005 
of a second, then = *001, taking 20 different values until 
i — *01. Fill in the values in the above equation and find the 
corresponding 20 values of E. Then plot on squared paper 
taking E as ordinate and t as absciss®. The result will be a 
curve like that shown in Fig. 251. 

6. Repeat the process of the last question, taking the 
equation 0 = 6 sin (27r?it - 0), where 6=20, w=100, and 0=0*5 
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’ <I-| 5 ^S 1 , 1 *S«.| | La l<- .U?{| tllMili 1 lit' |»iV|M’f IlH | 111 ' e.lU'VO 

M * hsn? 1 ‘tU<lll<‘U H4-! till!’ fill \ O ri'jll'OM'lltH lltu 

i. M.r at * h 8»-.l<«t4t, tii«’ other tin’ lugging ninvuL 

• 'n »St> tinting j.iintiri- i.f 10(1 (\ it tnul) inlm till lowing 
s •mu U» v> sih rt h.-pn-m \ i.f 100 jh r nornud ia iL|i|ilh'il In l,]m 

* ml® ».( 4 ,.,sl li-niiig is sr .itttsui i’ ut‘ H ohms and a oiioH'miouf 

• -! >.«•!! iu-tm lt»*u *4 » 00;. lil’tii v, timl tlit' i*ui criit tUni. will (low 

stJj.i tl»<- allgh' |>I lag 

• Im*. t‘inji>(it 11 'll nnit>oron ; lag tiy ilogrcoH. 

!s An alii ui »t<’ -ritm nt niagmt with jirujiorly -liiminivl.nl 
> ■.!< Suit (» 1 *i»l »«l 100 tiuiiw, itloi a nieltii milt nf ho If induction 
.{ « <» n'« i«{ 4 tj. nt v, Whs l itlfi’i tint mg \ ultitgo of i'n’HUiMtr.y 
S»**i j« i m i »»u«l mint t«’ A|>|itioit tn it ill older to ulitiiin -IKOU 
5> lllllja, annumuig till’ li-HnUlm' 1*1 ho itl'gligilllo l 

.1/1,1. 4.7'1. 

t* H**w iiuu'li t«"ii»t4iir»' iiuiht ho put iii firoiiit. with 11 10 . 

«min «»i thin magnet in order that tho angle nf lug may ho *1 fi” 'I 

Jnx. it-14. 

!*■» An alternate current f ran Worm or is designed to give out 
i«» 4iss|*p|»”> #1 a j»r«”wiir« nf fit) inlla at it« wenudsi’y lenuinuk 
\» *4 windings auo firimurv : U! HreomUry. RemnUno.oH 
r,t ; trot 1 ohm, wrnmtary. Kiml l.lio on- 

< 3lo u ni »*i i»4i*«li*rniat»iiii, and tho \ult«* tlsnl luitMf ho ag]diuil 
at tin’ {•tiiuary t<-iiiOiiiii r i, 

,!»*, 1 ix’ltii'U'-id of tmiififormitliim i« Uii; voILh nf 
January terminal! t'JHU. 

11. Kute tin’ |»riu«-i|ili*?t tijKiii which I'HUtiiiumni-iuin'miL 
it mtuforitu'ifi are made. Why in it tmceiwnry tn have a nmviug 
i*irl in n.ntiiuHiim currotit Inuiafurmera ami imt in allonialu- 

« urii iil tiaiiofutmrra t 

I’J Hut in 1 era to three dMinet hind* nf aRenmin * eillToiif 
iitulom, a in l stale winch hind synchronous uml which not. 

1 :t. An alternate current ityuohniiimiH under in mi[ntlit>il 
fs«iiu tho street maiitq. It in full ml that wlioti fully landed if 
tah>» inure oiirri’iit than when lightly I ended, though it 
always gm-s at llm same Mjiwit ami tins volts renndn ouUHtauf, 
Ess jiklsi lu»w this omims nimut. 

1 4, tJuw mu you |>rodu«u u rulaUiry magnetic) hold / J tuscrilm 

*o»# of Ite 
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QlJKSTIONM ON CHAPTER XI 

1. Ik in found that a single Dunioll’s coll will not electrolyze 
aoidulnUid water, however digit may 1 in made. Ik in found, 
on the oLhor hand, that two Daniell's cells, however small, 
will million to produce eonUinmuH electrolysis of acidulated 
water. How do you account for thin 1 

2. From fins table of oloulro-ohuniioal equivalents (Art. 240) 

calculate liinv many ooulomlm it will take to deposit one grain 
of the following motalH: ••••(kipper (from sulphate), silver, 
nickel, gold. Ana. On 30G8, Ag 801, Ni 028(1, An 1473. 

3. A battery of 2 drove's wills .in series yields a current of 

5 amperes for 2 hours, how much zinc will bo uuiiHiimud, assum- 
ing no waste ? Am. 2d’2C. 

4. Calculate the E.M.F. of a Dunioll’H will from considera¬ 

tions of the heat value of the comliinatiouH which take place 
and the quantity of the clcmontH oonmunwl, taking the heat 
value for zinc in sulphuric acid as 1070 and that for copper oh 
000'6. Ana. Ill volts. 

fi. DcHoriho the construction and working of a modern 
secondary battery. 

0. Most liquids which conduct olootrJoity are decomposed 
(except the molted metals) in the act of conducting. How do 
you account for the feet observed by Faraday that the amount 
of matter transferred through the liquid and deposited on tho 
olootrodos is proportional to tho amount of electricity trans¬ 
ferred through tho liquid ? 

7. Describe the pvoooss for multiplying by electricity copies 
of ongruviugH on wood-blocks. 

8. How would you make arrangements for silvering spoons 
of nickel-bronze by electro-deposition ? 


QUESTIONS ON CHAPTER XII 

1. Skoloh an arrangement by winch a single lino of wire 
can bo used by an operator at either end to signal to tho 
other ; tho condition of working being that whenever yon are 
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tint nrtl'iltlK .» %<•!»! \ ..'If Ur>lriH»i< lit >ii.|il 1>,« 

rtn'iuf ■Midi I Si *- }uj» « H>, 40*1 .-'sJ / i unnl w»t!i llii' b.ittiiy 
At ottlt rJJ*l 

"J. What t»«h .»hUk ,, ' , > bs-s *!»“’ untnttu.iit i«\ *i tlu> 

tired b’ ui»lnim* nl * ii*U«»tuo->l u«t»* tidrgt4|diy t«y t'onko iuul 
WheatM**!!*’ t 

U. K&gdatO ill*' m»' and r»in»lturl»o|» n! a t«bn, 

4. ft,*m flo* i,m of h sAit, :!•*!-, tlmt ttin 

ehnnw i*f uttr *• ling f«»r» ** ti**»n «i </.'««•/* in tim 

tmmlwr *>t i<wgn«ti< hum t1*«t *nt«r .sn .itiiMlntr uill bp 
greater ft the *•» j*»*|4ri.ni| \t.r. uwgmtiml t*« brgin 

Willi) tlwil tf It I* ll«i|» N<kl4r«l 

tln$. Hi**«'*• / * M, It follows that / »*// «ill W jittijmr- 
tioll tl i«i < N * */N 4*. K»l»4l|*linjj, rtlnt nlllitfrti tillj' 
the *ud nrgWlttig the »tiia!t term t«/N ) 3 , wo 

hu*M/ r * 'JtN* „dN ; whh h *»!««*« <* that, fi»r a git on </N, 

s// < S', 

6, It I» ilr»it*l>1»’ In r«*rUdti !•*•.« C*l*ij'li’4 <*n*I '|U4dru|ilt<x 
nignaUlog) t<* arrange trlegrajdiio itialriitnetiU «• llwt tln>y 
wilt rr»|*»n*S only U» rumuita wlii«dt whip hi one dim:ti<»n 
through «»• line. How mm tills* be done f 

fl» It Is whited to wake a mart »«f *I«|4 p* telegraph by using 
one in’t of itistiomenta tlwt «»»rk with euntimiuita mirmitsa, 
th» other »et wills |<6*llv alternating onrrenti, at tin* wtiiui 
tint** un tlir> mwo line, T«« *««ry i*ut tin** »d«.i there munt lm 
fount! (M) *n apparatus whnh wilt hi i>itiiuiitniis etirrmU 
flow through it, i»ui will rhokn »>if alternate mrretiU; (/») tut 
whhdi will trattaniit alternate ourr<nl», but out ulf 
ttotittnmws tmrrenla. Wlmt aj»|*aral,tt* will tin lli« »t» UiitigH f 

7, A Wtl<*ry I* wt uj* at **»!«* «t4li»n. A g.ilvunuim'tnr 

iipwIIp at a »t4tt«*u rtglsly inib"» a way t« tfp||»*r|n! IlirmtKh a 

e«rt*in iwmlwr «*f tlpgtpp# wlintt tS»» w irp of ita roil nmko« 
twolvr turtle rnusi<! tli«> ?ir««l|r , wirp of tl»p «m»> «Miality Itritig 
M««l fur IkjUi liur »t»'l galvawojmtrr. At UW) liiilw thr wutm 
iJpIImIoii i« obuhirtl wlini twrtity four turn* art* turn! its tlin 
galVAtiuttiotrr r*»il, Hl«ow by rab ulattiiti {it) tbat thr itilrntiil 
rraiatanrr of tlir hattrry t* r«gii«tl to that of 40 inilra of lUo 
Jitip witfv ; IH tlwt to |»r»i*Iisw mu *»{ual ijrltoxion at » aUtUm 
MO tiiilm (lintasit tlo* wtwlwf «4 turna of wirr in tlt» galvauo* 
w»tor*wil must tw 40. 

8, Sujiptww an AlUnlio r*bl« t« «lf *>boi t during tint 
W«#tt« of laying. How mu Ui* tlialAiww of the brokou end 

mr*m tlia t 
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9. Siippose the coppor core of u submarine calilo lo part; t 
some point in the middle without any damage being (hum I 
tlic outer all oath of guttaperolin. How could the pond,ion < 
the fault bo ascertained by tests made at the shore end ? 

10. Explain tho construction and aotiou of an electric boll 

11. Describe and explain, how eleoLric currents are applie 
in the instruments by which very short intervals of time m 
measured. 


QUESTIONS ON CHAPTER XIII 

1. Explain tho use of Graham Bell’s telephone (1) l 
transmit vibrations ; (2) to reproduce vibrations. 

2. Describe a form of telephone in which tho vibrations c 
sound are transmitted by moans of tho changes they prod tie 
in tho resistance of a circuit in which there is a constat] 
electromotive-force. 

3. Tiro coils, A and B, of fine insulated wire, mad 
exactly alike, and of the same number of windings in eacl 
are placed upon a common axis, but at a distance of 10 incht 
apart. Thoy are plaoed in circuit with ono another and wit 
the secondary wire of a small induction-coil of Rulmikorffi 
pattern, the connections being so arranged that tho ourroui 
rim round the two coils in opposite directions. A third co: 
of fine wire, 0, has its two ends connocted with a Bell’s tele 
phone, to which the experimenter listens whilo ho places thi 
third coil between tho other two. He finds that when C j 
exactly midway between A and B no sound is audiblo in th 
telephone, though sounds are heard if O is nearer to either j 
or B. Explain the cause of this. Ho also finds that if a hi 
of iron wire is placed in A silence is not obtained in tho tele 
phono until Cf is moved to a position nearer to B than th 
middle. Why is this ? Lastly, lie finds that if a disk c 
brass, copper, or lead is interposed between A and 0, th 
position of silence for 0 is now nearer to A than tho middle 
How is this explained ? 


QUESTIONS ON CHAPTER XIV 

1. What apparatus would you uso to produce electri 
oscillations? Show how you would operate it, and oxplaii 
why the oscillations take place. 
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' K'»j«! us» !<«.« < !«< in. *.jtmn in it t-nittlriiHi'f lunnut, 
1*3" 1’^ i »!'«I*it i in ili»- iiu)uu'ilium. 

TSm- . .J.o Il\ .of *n .hi .-..uoiriw’i'if. O-noi of a mit*niliirml. 
ti s« . I 4 »U»| l!U n .It « tiuimgh a i*iivuil, having a 

•-** Is !.-■!> ><f is till! t.r a Ki'Uty Hjnl a iv»i>itiUL*i* ut‘ •! nlmm. 
i «»•■! *’.* f«. pi. «. \ ..f tin* til.r.itiuii. Jus. n. IMHQQ, 

$ I'sp!- i wk>i » u> uiu**l-kui < ■» ilu »)Mi*il!.iti(m!i uni, lakti [iliutu 

I) hi 3 i .1 > nSl'IritwJ |i »lln ? 

U !?** h«v of »«f«U 4 linH nf a U.’it/. iii.i'Ulalm* in 
i < «d«i,h**i j M s th»* W'ii^lh of tin* wavi-H it. will pni- 

• In* *. Jus. HijUlso cfulimtilrtm, 

<’■ K »J-Saiii tin- 4 * limi t*f <t rrwnutor. 

7 tin.' ill. uliirlt fur thinking flmL light, in 

all , I|« |i|»rs»»mrnuli, 

s !!.<» »»!!««• 4«-lti«n »if »n.igtn’lir liuvim ti|mu I In' iliivnlioii 
.-I iSsk vtl.ratiuin i«l light shtiuit f uinl what. in (In* (liH'civiii'a 

i«**rn »wj|»ir|tr alp! ih»iiiagm’lit: nit-iUn in i’i'rtjift'f. uf lliuir 

H*«g»|rl«* i*{<lii’ jimjirflt*'* ? 

t>. tt «uim>ttti(*i«l l>y WiUmighhy Hniith Unit. Min ivhihL- 

4ii,«- i>( wlrtitnm h !«■»•» wlirii «"t[Hi.-ii*il (it light. than in llm 
•I uf. {trs. »il«. till' a|i|.ataltta y»»n tumht rltijiluy to iuvi’Hli- 
rial« lhi® |.li< ti»iii< iiiiit, ll<»w wititUl ymt ju'im-im-iI In uNjinrimuitl. 
II %.>u «is )!».-4 tu iwi>i t.un wlii’lUfV tin* nnimtul. ol uluolrio 
l %»» j.i..j«.tini»wl lu tin. lUmmlil of illumination f 
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light, 448 

Arc-lighting machines, 468 
Armature of magnet, 103 

of dynamo-electric mai 
462 

Armstrong, Sir IFnt., his 
Glectrio Machine, 48 
Astatic magnetic needles, 201 
Galvanometer, 201, 211 
Asynchronous motors, 436 
Atmospheric Electricity, 72, 

Atoms, charge of, 491 (/oofuo 
Attracted-disk Electrometer; 
Attraction and repulsion < 
trifled bodies, 2, 4, : 
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ories and joules, 427, 430 
idles, electric, 451 
iton, John, discovers electrostatic 
induction, 22 
on electric amalgam, 44 
pacity, definition of, 271 
in alternate circuit, 473 
measurement of, 418 
of cable, 301 et seq. 
of condenser, 58, 2f)4, 304, 473 
of conductor, 40, 55, 272, 304 
of Leyden jar, 58, 294 
of liquid condenser, 492 
specific inductive, 25, 50, 295, 
304 

unit of (electrostatic), 272 
unit of (practical), 803 
pillary Electrometer, 253, 292 
'bon plates and rods, 183 ( footnote ) 
filaments, 452 
:bons for arc lamps, 449 
■dew, Philip, his voltmeter, 430, 
71 

"hart, Henry S., on standard cells, 

•nivorous Plants, sensitive to elec- 
ricity, 250 

•rt, F., Dielectric machine, 45 
on magnets of cast metal, 106 
'riers, 49 
-s, electric, 440 

made arrangement of jars, 309 
itery by electricity, 431 
lallo Tiberius, his attempt to tele¬ 
graph, 497 

his pith-ball electroscope, 4 
on atmospheric electricity, 333 
wildish,, Hon. H., on Specific In¬ 
ductive capacity, 295, 296 
on nitric acid producod by 
sparks, 310 

a, Father, on atmospheric elec- 
ricity, 333 
1, voltaic, 160 
Is, classification of, 180 
grouping of, 192, 407 
list of, 189 

iti-anipere balance, 390 
itral stations, 440, 478 
cuit, 160, 400 
Magnetic, 375 

points of, where energy gained 
and lost, 248, 430 
cuits, branched, 243, 409 
•cuital magnetism, 118, 347 
■cnlar current, 345 
y of London central station, 478 
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Change of configuration, law of, 204, 
370 

Characteristic curves, 400 
Charge, olectric, 8 

resides on surface, 32 
residual of Leyden jar, 01, 299 
of accumulator, 492 
Chart, magnetic, 154 (. frontispiece ,) 
Chemical action, E.1U.1*’. of, 488 
Chemical actions in the buttery, 172 
laws of, 178, 240, 488 
of spark discharge, 810 
outside the battery, 234, 4S7 
Chemical test for weak currents, 240, 
310 

depolarisation, 180 
Chimes, electric, 40 
Choking-coils, 474 
Choking-oifoct, 459, 473, 474 
Chromic solution, 1S8 
Chronograph, electric, 509 
demand's thermopiles, 425 
dark, Latimer, bis standard cell, 
188, and Appendix C 
Classification of cells, 180 
Clausius, H., theory of Electrolysis, 
491 

Cleavage, electrification by, 08 
Clock diagram, 470, 472 
Clocks, oloctvic, 609 
Closed circuit, cell for, 170, 181 
Closed-circuit method of Telegraphy, 
600 

Closed-coil armature, 463 
Cobalt, magnetism of, OS 
Coefficient of Magnetic induction 
(see Permeability ) 
of Magnetization (see Suscepti¬ 
bility) 

of mutual-induction (or poten¬ 
tial), 351, 454 
of self-induction, 458 
Coercive force, 90, 307 
Colour of spark, 318 
Columbus, Cristofero, on magnotic 
variation, 151 

Combs on influence machino, 42, 50 
Combustion a source of electrifica¬ 
tion, 70 
heat of, 48S 

Commercial efficiency of dynamo, 
404 

Com mutator, 443, 401, 403 
Compass (magnetic), Mariner's, 87, 
149 

error due to iron ship, 149 
Compound circuit, 192, 243, 409 
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1 Da IJaldcU, magnetic writnig. 
ne la Hive’s Moating Batteiy, 20j 
n e la Rue, Chloride of Silver Battery, 
186, 813 „ OI . 

on eleetrotypmgj 40 £.„ 
on length of spark, 313 

Head-beat- galvanometers, -in 

Declination, Magnetic, 

variations of, 151, 155 
Decomposition of water, 
of alkalies, 490 (e) 
De-electrification by K 4 

Deflexions, method of, 131, 

Deflexion of galvanometex, -au 
Dellmann's electrometer, 
Demagnetize, how to, 3b» 

Density (surface) of charge, 38, 273 
magnetic, 134, 337 
Depolarization, mechanical, iso 

P chemical, 180, 182, 188 

electro-chemical, ISO, ibi 
Deposition of metals, 404 
Deviation of compass, 14 J 
Dewar, James, on currents generated 
by light in fhe eye, 257 
his capillary electrometer, 2o3 
magnetic properties of iron at 
200°, 111 

oxygen magnetic, 370 
Dewar and Fleming, resistance at low 
temperature, 404 

Diagram, thermo-electric, 4Z4 

Dial bridge, 415 
Diamagnetic polarity, 3i,u 
Diamagnetism, 94, 369 
of flames, 374 
of gases, 370, 374 
Diaphragm currents, 254 
Dielectric capacity, 295 to 299 

capacity, effect on intensity 
of field, 262, 293 
coefficient, 2S3, 517 
strength, 315 

Dielectrics, 10, 25, 57, 295 
Difference of potential, 265 

magnetic potential, 337 
Differential galvanometer, 217, 4H 
Dimensions of units, 35(> 

Di-phase currents, 485 
Dip, or Inclination, 152 
variation of, 155 
Diplex signalling, 503 
Dipping Needle, 152 
“Direct” and “inverse" current, 

Direction of induced E.M.M, 22G, 45G 
Discharge affected by magnet, 322 


Discharge affected by magnet, 322 
brush, 319, 324 
by evaporation, 251 
by flame, 8, 314 
by points, 47, 319, 329 
by water dropping, 334 
conductive, 810 
convective, 47, 312 
disruptive, 311 
effects of, 47, 315, 310, 317 
glow, 319, 329 (footnote ) 
limit of, 278 
oscillatory, 515 
sensitive state of, 322 
striated, 320 

through gas at low voltage, 
322 

velocity of, 323 

Discharger, Discharging-tongs, j 0 
Universal, 02 
Disk armature, 403 
Displacement, electric, 57 
currents, 516 

Disruption, electrification by, 08 
Dissectaltle Loyden jar, 63 
Dissipation of Charge, 326 
Dissociated gases conduct, 322 
Distillation, electric, 251 
Distribution of Electricity, 31 to 38, 
273, 274 

of Magnetism, 117, 184 
Distribution by transformers, 480 
Distribution of energy, 440 
Distortion of dynamo-field, 403 
Divided circuits, 409 
Touch, 101 

Dolbear, A. E., his telephone, 299, 
510 

Doubler, the, 20, 49 
Double refraction by electric stress, 
524, 525 

Double Touch, 102 
Dreh-strom, 485 

Drop of voltage in mams, 412, 447 
Dry cells, 184, 189, 193 
Dry-Pile, 193, 291 

Dm Bois, limit of magnetization, 303 
measurement of permeability, 
366 

Duboscq, Jules, his lamp, 449 
Dm Fay’s experiments, 5, 30 
Duplex Telegraphy, 802, 003 
Duration of Spark, 323 
Dust, allaying, 54 . 

Outer on Electric Expansion, 300 
I Dynamic Electricity (see Current 
| Electricity) 
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Dynamos, 461 

as motors, 443, 463 
Dynamometer, 304 
Dyne, the (unit of force), 281 

Earth, the, a magnet, 95 
currents, 302 

electrostatic capacity of, 303 
intensity of magnetization, 365 
magnetic force in absolute 
units, 361 

used as return wire, 497 
Earth's magnetism (see Terrestrial 
Magnetism) 

Earth, potential, 269 
Ebert, H., on oscillations, 522 
Eddy-currents, 457, 477, 486 
Edison, Thomas Alva, electric lamp, 
452 

carbon telephone, 511 
meter for currents, 244, 442 
quadruplex telegraphy, 503 
Edlund on galvanic expansion, 249 
Eel, electric (Gyinnotus), 76 
Efficiency of transmission, 447 
of dynamos, 404 
of motors, 445 
of transformers, 481 
Electric Air-Thermometer, 317 
Cage, 37 
Candle, 451 
Clocks, 509 
Displacement, 57 
Distillation, 251 
Egg, the, 232, 320 
Expansion, 300 
Field, 13, 16, 20, 22, 24, 262, 
279, 299, 524, 525 
Force, 109 (footnote), 266 
(Frictional) machines, 42 
Fuze, 316, 429, 432 
Images, 275 
Kite, 329 


Mai’orFly, 47 
Oscillations, 515 
Osmose, 250 
Pistol, 310 
Shadows, 321 
Shock, 254 

Stress, 13, 16, 20, 22, 24, 63, 
279 

"Waves, 516 
Wind, 47, 324 
Electrics, 2 


Electricity, theories of, 7, 327 

word first used, 2 ( footnote) 
Electro-capillary phenomena, 253 
Electro - chemical Depolarization, 
180 

equivalents, 240, 489 
power of metals, 489 
Electro-chemistry, 487 
deposition, 494 
Electrodes, 236 

unpolarizable, 257 
Electrodynamics, 389 
Electrodynamometer, 394 
Electrolysis, 237, 487 
in discharge, 322 
laws of, 240, 490 
of copper sulphate, 238 
of water, 236, 487 
theory of, 491 
Electrolytes, 236, 487 
Electrolytic condenser, 492 
convexion, 491 

Electromagnet, alternate current. 

477 

Electromagnets, 107, 381 
laws of, 880 

calculations for, 375, 376 (and 
see p. 589) 

Electromagnetic engines (see Motors] 
Electromagnetic systems, law of, 
204, 379 

system of units, 352 
theory of Light, 517 
waves, 515 

Electromagnetics, 337 
Electromagnetism, 337 
Electrometallurgy, 494 
Electrometer, absolute, 287 
attracted-disk, 287 
capillary, 253, 292 
Dellmann's, 280 
Peltier's, 286, 334 
portable, 287 . x 

quadrant (Lord Kelvin’s), 288 
repulsion, 286 
torsion, 18 
trap-door, 287 

Electromotive-force, 169, 487 
induced, 222 
measurement of, 416 
unit of, 354 

Electromotive intensity, 260, 283 
Electromotors, 443, 484 
Electro-Optics, 524 
Electropliorus, 26 

continuous, 26, 49 
Electroplating, 496 
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lectroplating, dynamos for, 462 
lectroscopes, 14 

Bennet’s gold-leaf, 16, 28 
Bohnenberger’s, 16, 291 
Fechner’s, 291 
Gilbert’s straw-needle, 15 
Hankel’s, 291 
Henley’s quadrant, 17 
Pith-ball, 3, 4 
Volta’s condensing, 79 
ectroscopic powders, 31, 47, 299, 
324 

ectro3tatic Optical Stress, 525 
voltmeter, 290 
lectrostatics, 8, 259 
ectrotyping, 495 
lement of Current, 344 
Iwell-Parker alternator, 478 
id-on method, 138 
aergy, 1, 64 

of magnetic field, 202 
of charge of Leyden jar, 305 
of electric current, 435 
paths, 518 

points in circuit where it is 
lost or gained, 248, 436 
supply and measurement of, 
435 

quator, Magnetic, 86 
piipotential surfaces, 267 
magnetic, 337 (f) 
quivalents, electro-chemical, 240 
'g, the (unit of work), 281 
filer, 1, 7, 64, 517 

/aporation produces electrification, 
71, 330 

discharge by, 261 

lerett, James D., on atmospheric 
electricity, 334 

on exact reading of galvano¬ 
meter, 214 ( footnote ) 
on inteusity of magnetization 
of earth, 365 

oing, James A., on limit of mag¬ 
netization, 363 
curves of magnetization, 364 
theory of magnetism, 127 
cclianges, telephone, 513 
ccitation of Field-magnets, 465 
(citing power, 377 
tpansion, electric; 300, 525 
ctra-current, 460 

uluru and exhaustion of bat¬ 
teries, 172 

11 of potential along a wire, 289, 
412 


Farad, the (unit of capacity), 303, 354 
Faraday, Michael, molecular theory 
of electricity, 7 
chemical theory of cell, 17S 
dark discharge, 319 
diamagnetism, 369, 373, 374 
discovered inductive capa¬ 
city, 25, 296, 298 
discovery of magneto-induc¬ 
tion, 222 

Disk machine, 227 
electro-magnetic rotatiou, 393 
experiment on dielectric 
polarization, 299 
gauze-bag experiment, 34 
hollow-cube experiment, 34 
ice-pail experiment, 37 
laws of electrolysis, 240, 242 
length of spark, 313 
Magnetic lines-of-force, 119 
magnetism in crystals, 373 
on Arago’s rotations, 457 
on dissipation of charge, 314 
on electrodynamics, 392 
on identity of different kinds 
of electricity, 245, 246, 316 
predicted retardation in 
cables, 301 
King, 228 

rotation of plane of polarized 
light, 526 
voltameter, 242 

Faure, Camille, his Secondary Bat¬ 
tery, 492 

Favre’s experiments on heat of 
currents, 428 
Fechner's electroscope, 291 
Feddersen, W., on electric oscilla¬ 
tions, 514 
Feeders, 440 

Ferromagnetic substances, 369 
Field, electric, 13, 16, 20, 22, 24, 262, 
279, 299, 525 

magnetic, 115,202,337, 462, 526 
Field-magnet, 462 
Field-magnets, excitation of, 465 
Field-plate, 50 

Figures, magnetic (see Magnetic 
figures) 

electric, 31, 299, 324 
Filament of incandescent lamps, 452 
Filings for mapping fields, 121 
Fire of St. Elmo, 329 ( footnote ) 
Flame, currents of, 314 

diamagnetism of, 374 
discharge by,' 8, 314 
produces electrification, 70 
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magnot, 8B4 
Joule effect, 420 
Joule, the, 354, 480 


Kapp, Gilbert, on magnetic circuit, 
377 

Kathode, 170, 28(5 
Katliodic “rays,” 821 
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Keeper, 103 
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Lao and lead, 472 

Lagging of magnetization, 8<>8 

Lamellar magnetization, 118 
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Diminution of cores, 457,403,477,4H< 

Lamps, arc, 449 

Lamps, incandescent, 452 

Langley's, /?. P., his bolomotor. 404 
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Laws of electrolysis, 490 
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Lents Law, 450 
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Leyden jar, 65 

prevention of piercing spark, 

oscillatory discharge of, 615 
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seat of charge in, 08 
Leydens (see Condensers) 
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Electric, 488 

Electromagnetic theory of, 1, 
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Magnetization, anomalous, 373 

coefficient of (see Suscepti¬ 
bility') _ ^ 
cycles of, 36i, 368 
intensity of, St»5 
lamellar, 11*$ 
mechanical effects of, 124 
methods of, 100-107 
solenoidal, US, 347 
sound of, 1^4, 510 
tirue needed for, SSS 
Magneto-electricifcy s 82, 222, 4G1 
Magneto-electric machines, 461 
Magnetographs, 160 
Magnetometer, 1ST 

self-registering, 160 
Magnetomotive-force, 841, 375 
Magneto-optic notations, 524 
Magnets, see also electromagyiet 
action of light on, 524 
artificial, S£> 
compound, 104 
forms of, 103 
lamellar, 1X8 
laminated, 104, 477 
methods of making, 100-107 
natural, 84, 103 
power of, 114 
unvarying, 110 

tfance, Sir Henry, his method, 417 

fanganese steel, 363 

f&nganin, 404 
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Mariner’s Compass, 149 

larked pole, 88 
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Tascart, E., on atmospheric elec¬ 
tricity, 335 

faiteucci, Carla , on physiological 
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faynooth Battery (see Callan's 
JBaitery) 

Taxwell, James Clerk, Electro-mag¬ 
netic theory of light, 397, 
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Law of alternate currents, 473 
Law of electromagnetic sys¬ 
tem, 204, 349, 379 
measurement of “ v,” 359 
on Electric Images, 275 
on protection from lightning, 
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on residual charge of jar, 299 
rule for action of current on 

maorn of-. 904 QAQ 


Maxwell , James Clerk, Theorem 
equivalent Magnetic she 
203, 351 

Theory of Magnetism, 126 
Measurement of capacity, 418 
of currents, 221, 395, 412 
ofE.M.F., 410 
of internal resistance, 417 
of magnetic forces, 130 
of mutual induction, 454 
of permeability, 366 
of power, 437 
of resistance, 411, 412 
of self-induction, 458 
Mechanical depolarization, ISO 

effects of discharge, 47, 315 
,, of magnetization, 124 
,, in dielectric, 299, 525 
Medical Applications of Electricit 
258 

Medium, action in, 5, 13, 279 

elasticity and density of, 36< 
energy paths in, 519 
velocity of waves in, 359, 51 
Mega-, 354 
Megohm, 354 
Meidinger’s Battery, 187 
Melloni , Macedonia, his thermopil 
425 

Mendenhall, T. C., U.S. Geodet 
Survey, 155 

Meridian, Magnetic, 151 
Metallo-chromy, 490 
Metals, electro-chemical power o 
489 

electro-deposition of, 494 
refining by electricity, 494 
specific resistance of, 403 
Meter Bridge, 415 
Meters, 442 

Metric system, the, 280 
Mho, the, 402 

Mica, dielectric capacity of, 296 
Micro-, 354 

Microfarad, the, 283, 354 
condenser, 303 
Microphone, the, 512 
Milli-, 354 
Milli-ampere, 354 

Mimosa, the electric behaviour o 
256 

Minotto’s cell, 187 
Mirror Galvanometer, 215 
Molecular action of magnetism, 12C 
actions of current, 249 
theory of Electric action. 7 
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Potential, magnetic, <tuo to current, 
351 

mutual, of two circuits, 352, 
357 


Perry, John , Ms meter, 442 
Persistence (see Time-constant) 
Phase, 470, 472 

Phosphorescence caused by dis¬ 
charge, 320, 321 

Photo-chemical excitation, 530 _ 

Photographic plate affected by dis¬ 
charge, 324 

Photophone, 529 . 

Photo-voltaic property of selenium, 
529 

Physiological actions, 254, 325 
Piercing glass, prevention of, 62 
Piezo-electricity, 75 
Plane, the proof-, 32 

,, for magnetism, 232 

Plante, Gaston , secondary cells, 492 
globular lightning, 331 
Plants, electricity of, 77, 256 
Plate condenser, 56, 295, 304 
electrical machine, 43 
Platinoid, 404 

Pliicker, Julius , on diamagnetism, 
etc., 370, 373 

Poggendorff, J. C., his cell, 180 

method of measuring E.M.P., 
416 

Points, density of charge on, 88, 274 
discharge at, 42, 45, 46, 47,274, 
329 

Poisson, magne-crystallic action, 373 
Polarity, diamagnetic, 369 
magnetic, 90, 116, 126 
Polarization (electrolytic) in battery 
cells, 175, 487 
of Voltameter, 487, 492 
remedies for, 180 
rotation of plane of, 526 et seq. 
Polarized mechanism, 387 
relay, 501 

Poles of magnets, 86,134 

of pyroelectric crystals, 74 
of voltaic battery, 168 
Polyphase currents, 485 
Porous cell, 180 
Porret’s phenomenon, 250 
Portable electrometer, 287 
Portative force, 114 
Post-Office Bridge, 415 
relay, 501 

Positive and negative electrification, 

5, 327 

Potential, electric, 40, 263 

„ zero, 40, 264 
of conducting sphere, 269 
galvanometers, 220 


Potential-divider nul method, 418 
Potentiometer, 416 
Pouillet, Claude S. IT., sine gal van o- 
motor, 214 

tangent galvanometer, 212 
Powdered motals, conduction of, 
400 

sensitiveness to sparks, 521 
Powders, elcctroscopicy 31, 47, 299, 
824 

Power, 435 

transmission of, 447 
Power-houses, 440 

Poynting , John Henry, on energy- 
paths, 519 
Practical units, 354 
Prcece, William Henry, telegraphy, 
497 

Pressure produces electrification, 75 
effect on electrolysis, 490 
(voltage), 109 

Priestley, Joseph, on electric expan¬ 
sion, 800 

on influence, 26 (footnote) 
Prime conductor, 42 
Printing telegraphs, 497 
Proof-plane, 82 

magnetic, 232 

Protoplasm, electric property of, 256 
Pyroelectricity, 74 
Pyrometer, 404 

Quadrant electrometer (Lord Kel¬ 
vin’s), 288 

electroscope (Henley’s), 17 
Quadruplex telegraphy, 503 
“Quantity" arrangement of colls, 
etc., 192, .407 

of electricity, unit of, 21, 262, 
354 

Quartz fibre, 299 

Quartz, no residual charge from, 
299 

as insulator, 80, 299 
Quetelet, JS., on atmospheric elec¬ 
tricity, 833, 335 

Quincke, Georg, on diaphragm cur¬ 
rents, 252 

on electric expansion, 300 
on electro-optic phenomena, 
625 

Quinine, nse of, for mapping fields, 
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Rowland , Henry A., on magnetic cir- 

R0cJxr, S Arthur William, on ration¬ 
alization of dimensions, 3oO 
Rucker and Thorpe, magnetic survey, 

154 

Ruhmkorjfls electromagnet, 3G9 
induction coil, 229 . 
coil, mutual induction of, 4a4 

St. Elmo’s Fire, 329 ( footnote ) 
Safety-fuses, 429 

Salts, electrolysis of, 23S, 490 . 

Sanderson, J. Burden, on electric 
sensitiveness of carnivorous 
plants, 256 „„„ , 

Saturation, magnetic, 112, 363 et seq. 
Savery , 85 

Sawdust battery, 1S7 
Schallenherger’s meter, 442 
Schuekert , ammeter, 221 
Schuster , Arthur, on electrolysis ot 
gases, 322 

Schiueigger's multiplier, 200 
Screening, magnetic, 96 
inductive, 514 
of eddy-currents, 457, 514 
Secolun, 458 „ , , . 

Secondary actions in electrolysis, 
490 

Secondary batteries, 492 
Secular variations of magnetic ele¬ 
ments, 155 „ , 

Seebeck, Thomas Johann, effect, 419 
Selenium, photo-electric properties 
of 529 

resistance of, 403 {table), 529 
Self-exciting influence machine, 50 
dynamo, 462 
Self-induction, 458, 472 

in electric discharge, 515 
Self-recording instruments, 160, 334 
Semaphore, Henley's, 17 
Sensitive pWt, behaviour of, 256 
Series, arc lamps in, 450 
capacities in, 308 
cells in, 168, 406 
dynamos, 465 
resistances in, 406 
Serrin, Viator, his lamp, 449 
Shadows, electric, 47 

in partial vacuum, ssa . 
Sheet conductor, flow of electricity 
in, 410 

Shell, magnetic, 118, 203, 350 
potential due to, 348 


Shock, electric, 254, 325 
Sliunt, 215, 409 


coil in arc lamps, 449 
dynamo, 465 
Shuttle armature, 461 
Siemens, Alexander, on length 
spark, 313 

Siemens , Werner, on dynamos, 46 
mercury unit, 35S 
electrodynamometer, 395 
shuttle-wound armature, 4 
heating in Leyden jar, 29y 
Sight affected by current, 254 
Silurus, the, 76 
Sine galvanometer, 214 
Sine law, 476 
Single-fluid cells, 180 
Single-needle instrument, 49S 
Single tonch. 100 
Siphon recorder, 506 
Skew-symmetry of crystals, 75 
Skin effect, 476 
Skin, B.M.F. in the, 257 
Smee, Alfred, his Battery, 180 
Smith, Frederick John, effect 
photographic plate, 324 
Smith , Willoughby , on selenium. 
Soap-bubble, electrified, 4 
Sodium by electrolysis, 480 
Solenoid arc lamps, 449 
Solenoid, 385 

magnetizing force of, 341 
Solid angles, 148 (Appendix A) 
Solidification, 6® 

Sound of magnetization, 12i, 
Sounder, the, 497 
Sources of electricity, 12, 65 
Spark, 11, 46, 47, 310 
duration of, 3S8 
length of, 48, 313, » 
Sparking at commutator, 463 
Specific resistance, 408 

inductive capacity, 25, 


295, 299 

Speed of motor, 444 
^ of signalling, 301,302,828 
Sphere, distribution of charge € 
38, 273 et . 
potential of, 2 ®, 271 
capacity of, 271 
Spiral shortens itself, 390 
SpoUiswoode, William, on 
Square root of mean square, 471 
Standard cells, 188 

effect of temperature m t 
Standards, 354 
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Thomson, Joseph J., on conductivity 
ofgHHCH, 822 

Thomson. Kir William (hoc Kelvin. 
Lord) 
effect, 424 

Thomson, Elihu, his meter, 442 

on alternate-current magnots, 
477 

on welding, 433 

Thomson-Uouston dynamos, 408, 478 
Thorpe and Maker, magnetic survey, 
154 

Three-wire ayatem, 453 
Tlnmder, H, 331 
Thumleratonna, 329 
Theory of, 830 
Time-couHtant, 400 
Tinfoil Condensers, 55, 802 
Tivoli, tranHmiHfdon of power from, 
447 

Toeqder, A., hia Influence Machine, 
51 

Tonga, Discharging, 50 
Torpedo (electric fish), 70, 240 
Torpedoes, fusses l’or firing, 816, 
482 

Torque, 186 

Torque of motor, 444 

rorsion affected by magnetization, 

124 

Torsion Balance, or ) Coulomb’s, 
Torsion Electromotor, f 18,182 
Torsion method, 209, 210 
Tourmaline, 74, 324, 518 
Transformers, 228, 480 

for vacuum tubes, 820 
Transmission of power, 447, 470 
Tri-phase, 485 

Trolley wheel for tramears, 440 
Trowbridge ,on magnetization at -100° 
O., Ill 

Tube of force, 887 (g) 

Timing-fork method, 418 
Two-fluid cells, 181 
theory. 7 

Two kinds oi Electrification, 5, G 
,, Magnetic polos, 80 
Tyndall, John, diamagnetic polarity, 
372 

magno-crystaUio action, 373 

XJl.TIU-OASKOUH MATTER, 821 
Ultra-violet waves, 818 


e Numbered Paragraphs. 

Units and standards, Board of Trade 
(see Appendix L) 
electromagnetic, 352 et scq. 
electrostatic, 288 et scq. 
fundamental and dorivod, 281, 
282 

ratio of electrostatic to 
electromagnetic, 262 (foot¬ 
note), 288, 859 
Unipolar Machines, 400 
Universal Discharger, 62 
Unvarying magnets, 110 
Upward, his cell, 103 
Ure, Dr., on animal electricity, 255 

“v,” 85ft 618 

Vacuum, induction takes place 
through, 04, 06, 07 
partial, spark in, 11, 320 
spark will not pass through, 
818, 821 
tubes. 820, 821 

“Variation, tho (see Declination) 
Variation of Declination and Dip, 
'animal, 157 
diurnal, 156 
geographical, 151, 154 
secular, 155 

of electrification of the atmo¬ 
sphere, 885 

Varley, Cromwell Fleetwood, his gal¬ 
vanometer, 816 

on capacity of polarization, 
492 

tolegrapli, 497 

Varley, Samuel Alfred, his telephone, 
200, 510 

early dynamo, 462 
Vegetables. Electricity of, 77 

carnivorous, sensitiveness of, 
256 

Velocity of discharge, 823 
of light, 359, 518 
of electric waves, 518 
of rubbing, electrification de¬ 
pends on, 73 
resistance as a, 357 
Verdet's constant, 526 
Vibration produces Electrification, 
67 

Vibrator for measuring capacity, 418 
VUlaH, Emilio, effect of tension, 
364 
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Adapted to the Elementary Stages of the South Kensingtozi Syllalm, 

PRACTICAL PLANE AND SOLID GEOMETRY. V 
an Introduction to Graphic Statics. By J. Harrison, M.Inst.M 
etc., Whitworth Scholar, and G. A. Baxandall. 2s. 6d. 

ARITHMETIC FOR SCHOOLS. By S. L. Loney, IV 

With or without Answers. 4 s. 6 d. each. 

ARITHMETIC FOR SCHOOLS. By Rev. J. B. Lc 
M.A. New Edition. 4 s. 6 d. Key. ios. 6 d. 

A TEXT-BOOK OF EUCLID’S ELEMENTS. By H 
Halt., M.A., and F. II. Stevens, M.A. Book I., is. Bool 
to IV., 3s. Complete, 4s. 6d. Key to Books L-IV., 6s. 
Key to V., VI., and XL, 3 s. 6 d. Complete, 8 s. 6d. 

ALGEBRA FOR BEGINNERS. By H. S. Hall, M 
and S. R. Knight, B.A. 2s. With Answers. 2s. 6d. 

[ 7 %is booh deals with Algebra as far as Quadratic Equations. ] 

ELEMENTARY ALGEBRA. By H. S. Hall, M.A., 
S. R. Knight, B.A. 3 s. 6 d. With Answers. 4 s. 6 d. 1< 

8s. 6 d. 

[ This Booh covers the Second and Third Stages.] 

ALGEBRA FOR BEGINNERS. By I. Todhunter. I 
Edition, thoroughly revised by S. L. Loney, M.A. Globe 
3s. 6d. With Answers. 4s. 6d. Key. 8 s. 6d. net. 

MECHANICS FOR BEGINNERS. By Rev. J. B. Lc 

Bart I. Mechanics of Solids. 2s. 6d. 

MECHANICS FOR BEGINNERS. By W. Gallai 
M. A. 2s. 6d. 
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